Ecological parameters in a Bombina hybrid zone by Atkinson, Nick W.
ECOLOGICAL PARAMETERS IN A BOMBINA HYBRID ZONE 
Nick W. Atkinson 
Thesis presented for the degree of 
Doctor of Philosophy 




Two transects across the hybrid zone between the fire bellied toads, Bombina 
bombina and Bombina variegata were studied. The first, near Peéenica in Croatia, 
had been the subject of several previous studies. The second, at Cma Mlaka, covered 
a wider region and its geography was more diverse. This thesis presents results of the 
first study to be undertaken in this part of the Bombina hybrid zone. 
Using data from the Peéenica transect, the dine for a single locus allomorphic 
enzyme trait was compared to that of the multi-locus trait for ventral colouration. A 
selection of ecological variables, extracted from a satellite image and a set of 
topographical maps, were examined for their effect on the position and width of the 
dines. The results were similar for both dines: the measure of forest cover extracted 
from the satellite image was found to give a significant improvement to the dine 
models for both traits, with the multi-locus trait appearing to be more sensitive to 
ecological variation. 
The hybrid zone in the Crna Miaka region was described and the position of a one 
dimensional dine for the ventral colouration trait estimated. The effect of the 
ecological parameters altitude, contour density and forest cover were assessed, and it 
was established that the measure of contour density significantly improved the fitted 
model. This finding is in accordance with the hypothesis that movements of Bombina 
bombina are limited by the relief of the landscape rather than the absolute altitude. 
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Two frogs were neighbours. One lived in a deep pond 
far from the track, while the other lived in a small, 
stagnant pool on the track. The one from the pond 
advised the other to come and live near her: 
"You'll enjoy a much safer and better life here," she 
said. 
But the frog on the track would not be persuaded. 
"Oh, it would be far too great an effort to uproot 
myself from the place that I know so well and 
which I have always called home," she said. 
And so it was that one day a chariot passed along the 
track and crushed her. 
sop 
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1. HYBRID ZONES AND EVOLUTION 
HYBRID ZONES are potentially major centres of speciation, and their study has 
allowed many questions about the evolutionary process to be addressed. The 
complex interactions between genetics and the environment are revealed in the 
distributions of phenotypes that are observed in the transition from one taxon to 
another. Most studies to date have been concerned with dines in single locus traits: 
this thesis aims to compare previous findings with those obtained from the study of a 
multi-locus trait, and attempts to determine the effect of geographic variation on the 
characteristics of a hybrid zone in the fire-bellied toads, Bombina bombina and B. 
variegata in Central and Eastern Europe. This chapter sets out the history of hybrid 
zone research, beginning with the concept of species, the conditions under which 
they form and the mechanisms which maintain their identity. 
1.1 WHAT IS A SPECIES? 
The spectacular biological diversity observed throughout the natural world is the 
result of speciation, the interplay between groups of individuals and the habitat in 
which they exist. That the theory of evolution by natural selection was first set out in 
a paper entitled On the tendency of species to form varieties; and the perpetuation of 
varieties and species by natural means of selection (Darwin & Wallace, 1858) and 
subsequently expanded in The Origin of Species (Darwin, 1859) is no coincidence: 
the processes of evolution and speciation are inextricably bound to one another and 
to consider one without the other is ultimately meaningless. 
Darwin developed his hypothesis through an understanding and appreciation of the 
significance of geological processes, in terms of the way in which they alter the 
physical environment and the immense time scale on which they take effect. Because 
of the spatial and temporal variation in environmental conditions, individual 
organisms are not scattered randomly throughout space: they occur in local 
aggregations, and these clusters tend to be comprised of similar (often related) 
individuals, which are adapted to the particular environmental conditions at that 
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locality. By some mechanism, individuals are able to recognize potential mates, 
with varying degrees of 'choosiness', and through this process of discrimination, 
differences between clusters are preserved and reinforced. In attempting to describe 
the natural world, we have defined these aggregations of similar individuals as 
species, and the process by which they form as speciation. 
It is clear that the environment plays a significant role in limiting the distribution of a 
species: ranges are usually bounded by a change in environmental characters: these 
can be physical, climatic, or some more subtle limit (Lennon et al., 1997). For 
example, the range of the stemless thistle, Cirsium acaule, is delimited by a number 
of climatic factors affecting seed germination (Pigott, 1970); white clover, Trifolium 
repens, is limited by latitude, longitude, elevation and annual rainfall (Hill, 1996); 
and the ranges of many North American bird species are limited by thermoregulatory 
constraints (Root, 1988). Environmental heterogeneity can also have a large impact 
on gene flow between populations. Two mycophagous Drosophila species, D. falleni 
and D. recens, which occupy continuously distributed forest habitat, display no 
detectable genetic differentiation between populations. By contrast, D. quinaria, 
which occupies a patchily distributed niche of decaying skunk cabbages, using them 
for breeding sites, shows significant interpopulation differentiation (Shoemaker & 
Jaenike, 1997). 
Changes in environmental conditions also exert significant pressure on populations, 
which must either adapt (e.g. through mutation), or shift their distribution towards 
more favourable regions (through colonization or migration). Species boundaries can 
be affected not only by physical or climatic factors, but also by the presence of other 
species, particularly those that are either predators or prey, or compete for access to 
resources. Closely related species sometimes exclude one another: the boundary 
between them often marks a transition between one ecological type and another. 
These boundaries can be blurred by the presence of a zone of hybridization, and the 
'Only speciation in sexually reproducing organisms is considered here, although many of the general 
principles discussed are equally applicable to asexual taxa. 
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characteristics of these zones, such as their width and position, can reveal valuable 
information about the processes of gene flow and the interaction between genotype 
and environment. 
Central to studies of this interaction is the concept and mechanism of speciation, 
which though widely accepted as a phenomenon has proved extremely difficult to 
decipher as a process. In the next section, the means by which new species can arise 
are considered, beginning with a brief look at what is actually meant by the word 
'species'. This is followed by a description of hybrid zones, how they form and 
persist, and what they can tell us about the process of evolution. 
A species definition 
Species are a real phenomenon (Mayr, 1996), although the provision of a formal 
definition has proven elusive. Darwin acknowledged the inherent difficulties in this 
area by considering that some domesticated species are able to interbreed and 
produce fertile offspring (Darwin, 1859, p86) and that sterility and hybridization in 
nature are not absolute, but tend to form a continuum from one supposed species to 
another (Darwin, 1859, ch. 8). Interestingly, and in spite of the title of his book, he 
failed to provide a definition of species*  in his glossary (Darwin, 1859). Later, in his 
work on sexual selection, he referred to the awkward nature of the problem, and drew 
attention to the danger of the debate becoming purely semantic (Darwin, 1871; i, 
p228). 
Species can be defined on the basis of many criteria, morphological, physiological, 
genetical, even behavioural, but however they are determined, there are always cases 
that cause taxonomic difficulty. Alfred Russell Wallace (1965) drew attention to the 
nature of these difficulties: 
He followed a notable precedent: Carl Linnaeus, the founder of taxonomic classification, never 
explicitly defined a species (Mayr, 1996). 
4 
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"Species are merely those strongly marked races or local forms which, when in 
contact, do not intermix, and when inhabiting distinct areas are generally regarded to 
have had a separate origin, and to be incapable of producing a fertile hybrid 
offspring. But as the test of hybridity cannot be applied in one case in ten thousand, 
and even if it could be applied, would prove nothing, since it is founded on an 
assumption of the very question to be decided - and as the test of origin is in every 
case inapplicable - and as, further, the test of non-intermixture is useless, except in 
those rare cases where the most closely allied species are found inhabiting the same 
area, it will be evident that we have no means whatever of distinguishing so-called 
'true species'; from the several modes of variation here pointed out, and into which 
they so often pass by an insensible gradation." 
Dobzhansky (1935) declared speciation to be the point at which "the once actually or 
potentially interbreeding array of forms becomes segregated into two or more 
separate arrays which are physiologically incapable of interbreeding". He was not 
alone in placing special emphasis on reproductive isolation as being a particularly 
significant factor when deciding whether populations belong to different species. For 
example, Emerson's (1947) Encyclopaedia Britannica entry rather pompously 
declares that a "species is an evolved or evolving, genetically distinct, reproductively 
isolated, natural population. All these attributes are necessary, and no others would 
seem to be essential." 
The difficulties involved in defining species have prompted the suggestion that "the 
wisest course would seem to avoid defining species too precisely and to be tolerant 
of somewhat different species concepts held by other workers" (Stebbins, 1950), 
even that "a species is a group of individuals which, in the sum total of their 
attributes, resemble each other to a degree usually accepted as specific, the exact 
degree being ultimately determined by the more or less arbitrary judgement of 
taxonomists" (Gilmour, 1940). In some senses the argument is valid: taxonomy 
attempts to impose a discrete order upon what many view as a continuous 
distribution. Such arguments ignore the decidedly patchy, non-random distribution of 
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organisms into aggregations of similar individuals. In addition, the rapidly 
developing fields of evolutionary biology, and genetics in particular, have provided 
the motivation for more concrete terminology. Consequently, the most universally 
accepted definition is the Biological Species Concept (BSC) offered by Mayr (1963): 
"Species are groups of actually (or potentially) interbreeding natural populations 
which are reproductively isolated from other such groups". In any study of the origin 
of species, the words of Huxley (1942) should perhaps remain foremost in the mind: 
" ...we must not expect too much of the term species. In the first place, we must not 
expect a hard and fast definition, for since most evolution is a gradual process, 
borderline cases must occur. And in the second place, we must not expect a single or 
a simple basis for definition, since species arise in many different ways." 
Many alternative species definitions have evolved in more recent times. However, in 
a review of the BSC and six major challengers, Harrison (1998) concludes that the 
BSC is superior to all other proposals, although there are some serious dissenters to 
this view. Templeton (1998), for example, argues strongly for the Cohesion Species 
Concept (CSC), in which the lineage boundaries are created by the cohesion 
mechanisms that act to create reproductive communities. He claims that the BSC is 
difficult to implement in the absence of experimental data. It also seems that the CSC 
is perhaps of greater value in certain studies of asexual groups where the BSC is 
difficult to apply (Schemske, 2000). Phylogenetic approaches, including the 
Genealogical Species Concept (GSC) and the General Lineage Concept (GLC) are 
generally dismissed by evolutionary geneticists on the grounds that they lead to 
'absurd distinctions' (Templeton, 1998). For example, in the case of the Phylogenetic 
Species Concept (PSC) itself, single new mutations in a local population can lead to 
the definition of a new species, providing that the mutation results in a diagnostic 
difference. The GSC, which defines species as 'exclusive groups' (Shaw, 1998), 
within which members are more closely related to one another than to any non-
members, also suffers at the genetic level: the differential effects of introgression 
make the definition of exclusivity practically impossible to establish. In the light of 
these objections, the Biological Species Concept remains the most universally 
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plausible means of distinguishing species. Throughout this thesis, it is this definition 
that has been adopted. 
1.2 WHAT ARE THE MAIN TYPES OF SPECIATION EVENT? 
Organismal structures change both temporally (anagenesis) or spatio-temporally 
(cladogenesis). Anagenetic changes are exemplified by the fossil record, which 
displays clear, if incomplete, lineages where transitions from one form to another are 
punctuated by intermediate forms. Perhaps the best known, and certainly mostly 
hotly argued, is the hominid lineage, which seems largely centred around the 
perpetual search for 'missing links'. Cladogenetic events are the result of a 
bifurcation of the phylogenetic tree, such that a single lineage splits into at least two 
more, each of which gives rise to its own unique 'branch'. Examples of cladogenesis 
are the well-known cichlid radiations of the African Great Lakes (Fryer et al., 1983), 
and those of the Galapagos finches (Grant, 1986). 
II 
Ill 
E 	F 	G 	H A B C D 
Figure 1.!. A phylogenetic tree, showing both cladogenetic speciation (A-*H) 
and anagenetic speciation (orange line) with bifurcation events at I, 11 and U!. 
The distinction between anagenesis and cladogenesis is made only to describe 
lineages, as anagenetic events can be viewed as simply one branch of the 
phylogenetic tree (figure 1.1). The distinction is useful when making statements 
about the tree itself, in terms of providing some background information about how 
the particular 'species' under consideration arose. 
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The phylogenetic bifurcation process provides the main focus in studies of 
speciation. There are three broad scenarios under which this process can occur and 
new species form; known as allopatry, parapatry and sympatry, they relate to the 
degree of contact and potential for flow of genetic information between diverging 
groups (figure 1.2). In allopatry, populations are separated by a barrier, usually some 
physical feature such as a mountain range, which completely prevents gene flow. 
Parapatric populations are in contact, but only along the boundary of their ranges. 
Thus there is scope for gene flow between populations, although it is limited to the 
common boundary. Sympatric speciation occurs where a population becomes 
heterogeneous in such a way that gene flow is prevented in spite of physical contact, 
resulting in populations that occupy the same geographical region and yet remain 
distinct from one another. The evidence for speciation within sympatry, parapatry 
and allopatry are considered in section 1.4. 
Potential gene flow 
00 JI CII 
Allopatry 	 Parapatry 	 Syinpatry 
Figure 1.2. Potential for gene flow between populations. 
1.3 SPECIATION MECHANISMS 
For speciation to take place, sub-populations must become reproductively isolated: 
either they do not mate with one another at all, or the fitness of offspring from 
matings between members of different groups must be lower than those produced by 
members of the same group. The two events accorded most significance to 
mechanisms of reproductive isolation are mating and zygote formation: mechanisms 
are usually described as either pre- or postmating, or pre- or postzygotic isolation. 
Postmating reproductive isolation includes all those mechanisms that take effect after 
copulation. Prezygotic, postmating isolation prevents the formation of zygotes 
through the action of mechanisms such as conspecific sperm precedence (Price, 
1997). 
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Dobzhansky (1937) recognised that populations in contact could remain genetically 
distinct from one another through the existence of mechanisms preventing the 
production of hybrids that reached sexual maturity. Similarly, Mayr (1942) observed 
that a new species could be formed 'if a population which has become geographically 
isolated from its parental species acquires during this period of isolation characters 
which promote or guarantee reproductive isolation when external barriers break 
down', later establishing the major dichotomy of premating and postmating 
mechanisms (Mayr, 1970). Mechanisms that prevent gametic wastage, and more 
importantly zygotic wastage, will allow individuals to avoid investing resources into 
rearing young that will either prove inviable or reproductively dysfunctional. For this 
reason, the additional distinction is often made between pre- and postzygotic 
mechanisms, which provides for the reason above a more logical division than pre-
and postmating. 
1.3.1 Reproductive isolation 
Premating reproductive isolation often takes place through the operation of 
behavioural mechanisms, such as runaway sexual selection (e.g. Arnold et al., 1996), 
ecological isolation of breeding habitat (e.g. Rice & Hostert, 1993), pollinator 
isolation (e.g. Grant, 1981) and genital incompatibility (Sota & Kubota, 1998). 
Although speciation has actually taken place once there is full postmating isolation, 
premating isolation provides the final proof that the process is complete: once 
individuals from newly interspecific groups stop even attempting to mate with one 
another, there seems little to prevent further, more radical divergence. 
Postzygotic mechanisms revolve around varying degrees of hybrid dysfunction, 
ranging from the mortality of zygotes through to hybrid sterility, inviability or 
reduced inclusive fitness. Laboratory crossing experiments often reveal hybrids to be 
infertile, albeit at reduced rates. For example, crosses between two species from the 
fruit fly Anastrephafaterculus complex showed that reciprocal matings between 
hybrids and either parental taxon produced viable offspring in only 41.6% of cases 
(Selivon et al., 1999). The same study demonstrated the occurrence of Haldane's 
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rule, that the sex most affected by hybridization is frequently the heterogametic one 
(Haldane, 1922). Although many exceptions have been put forward since it was first 
proposed, it appears to hold true for insects and invertebrates (White, 1978, p137). 
Reproductive isolation is impossible to assess in situ in allopatric populations 
without experimentation. The fact that allopatric populations are physically isolated 
is not the same as being reproductively isolated. It is arguably easier to detect 
reproductive isolation in sympatric and parapatric populations, as deviations from 
random mating will give clues as to whether populations are reproductively isolated 
in any way. 
1.3.2 Reinforcement 
Dobzhansky (1937) introduced the concept of reinforcement as an essential final 
stage in the process of speciation. Reinforcement is said to take place when two 
populations that have undergone limited divergence in allopatry undergo further 
sexual isolation after being brought into secondary contact. Early studies with 
Drosophila appeared to support the idea with the observation that geographically 
overlapping species pairs exhibited greater sexual isolation in areas of sympatry than 
in areas of allopatry (Ehnnan, 1965; Wasserman & Koepfer, 1977). However, the 
concept of reinforcement fell from favour during the 1980s when a number of 
theoretical objections were raised*  (e.g. Spencer et al., 1986; Butlin 1987), although 
during the last decade there has been a resurgence of support (Coyne & Orr, 1998) 
which includes empirical observations such as the work on overlapping species 
ranges by Noor (1995) and Saetre et al. (1997). 
Early experimental attempts to replicate conditions favourable for reinforcement 
failed. In a seven-year Drosophila experiment Ehrman and colleagues (Ehrman et al., 
1981; Wallace 1982) attempted to replicate divergence in allopatry followed by 
secondary contact and a four-year period in sympatry. During this latter stage, 
adaptations to either NaCl or CuSO 4 food types (which were both available to 
* The basis of Butlin's (1987) argument was that as speciation is considered to be complete following 
the evolution of postzygotic reproductive isolation, it is difficult to see how selection could operate 
to bring about the evolution of prezygotic barriers. 
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sympatric populations) were found to be reduced with no clear evidence of positive 
assortative mating. However, many experiments attempting to demonstrate 
reinforcement have since been shown to be flawed: they often involve the removal of 
hybrid offspring from subsequent generations and are thus to a large degree self-
fulfilling (Rice & Hostert, 1993). As such 'destroy the hybrids' experiments 
effectively prevent gene flow between taxa, they are incapable of testing for the 
evolution of reinforcement. 
More recently, a favoured reinforcement mechanism has been that of behavioural 
differences by parental taxa and hybrid offspring. An example is suggested by Coyne 
& On (1989), wherein the courtship behaviour of hybrids makes it difficult for them 
to secure mates of either parental taxa. Further evidence for this kind of prezygotic 
isolation is provided by the findings of Stratton & Uetz (1986) that hybrid male wolf 
spiders were rejected by females of both species and females hybrids were 
unreceptive to all males. This 'behavioural sterility' (Stratton & Uetz, 1986) is 
closely allied to sexually selected premating isolating mechanisms, such as increased 
male plumage divergence in sympatric European flycatchers (Saetre et al., 1997). 
1.4 SPECIATION THEORIES 
Sympatry, parapatry and allopatry relate to the degree of overlap that exists in the 
geographical ranges of populations (figure 1.2). Sympatric populations occupy the 
same spatial range, and the potential exists for unimpeded contact between 
individuals from different populations. Parapatric populations occupy adjoining 
ranges, and can come into contact along the common boundary. Allopatric 
populations are fully geographically isolated, often by a physical barrier such as a 
mountain range. The following sections provide an outline of each scenario, and 
discuss the supporting theoretical and empirical evidence for speciation within them. 
1.4.1 Sympatry 
At first glance it seems difficult to imagine how a population can become subdivided 
in sympatry, given that contact between individuals potentially allows random 
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their mean values, so that individuals possessing traits with extreme values are 
selected against, or that it is uni-directional, in that the largest (or smallest) trait 
values enjoy a selective advantage. As the example in figure 1.3 shows, factors such 
as niche specialisation or sexual selection can generate bi-directional selection 
relatively easily. Once the process of divergence is underway, there can be strong 
maintaining selection, as intermediate forms could suffer a substantial decrease in 
fitness. 
B 
Figure 1.3. Possible scenario under which niche-mediated speciation might 
occur. Imagine a bird species which eats three types of tree seed, with different 
mean sizes (shown in diagram (i) as A, B & C), and such that birds concentrate 
their feeding on seeds from species B, but those with smaller bills also eat seeds 
from A. and those with larger bills also eat seeds from C (coloured region). If 
some catastrophic event, such as disease, resulted in the extinction of tree species 
B. divergence could occur (ii) which might result in complete speciation (iii). 
Speciation in sympatry requires that a stable polymorphism in which intermediate 
types have lower fitness is able to produce a response whereby the production of 
intermediates is reduced and eventually eliminated. The main problem facing 
theories of sympatry is the way in which polymorphisms tend to respond to 
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disruptive selection: tight linkage of alleles means that intermediate forms are rare, 
and there is thus little scope for assortative mating to evolve (see Barton, 1988). 
Another major problem is that constant bimodal selection (i.e. selection against 
intermediates) will maintain one or the other type, but not both. This must be 
overcome by strong frequency dependent selection, which is advantageous to rarer 
genotypes and which will enable the polymorphism to be maintained. 
1.4.2 Allopatry 
Allopatric divergence occurs when a population becomes physically subdivided: 
anthropogenic habitat destruction is an obvious source of such division. Populations 
that become fragmented suffer not only from the potential effects of genetic 
bottlenecking, but also from edge effects, including increased exposure to novel 
predators, which can provide significant selective pressure (e.g. Laurance, 2000). 
Other subdividing factors include climate change, which could cause range 
contraction into refugia; numerous examples of which have been cited (e.g. Lynch, 
1988) as causal elements of the speciation process (Barton, 1988). Populations can 
also become fragmented through processes such as disease, migration or island 
colonisation. However, these conditions are by no means essential for allopatric 
speciation: populations can still diverge even when they are subjected to similar 
ecological conditions and are present in large numbers. The only condition for 
allopatric divergence is that of physical separation, such that gene flow between sub-
populations is prevented. 
Once this is the case, subpopulations are potentially free to diverge in a variety of 
ways, including genetic bottlenecking, random genetic drift, directional selection and 
sexual selection. Subpopulations contain only a sample of alleles present in the main 
population, and rare alleles are particularly prone to loss when populations become 
fragmented. Random genetic drift could augment the effects of genetic bottlenecking, 
as the number of different alleles sampled from the parental population and the 
number of copies of each allele are both smaller. Selection pressures in refugia might 
differ markedly from those within the range in which the main population evolved. 
For example, where drought has caused water levels to drop, resulting in the 
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establishment of refugia along a lake margin, local conditions such as temperature or 
water turbidity could be very different to those formerly experienced throughout the 
lake as a whole. If these conditions persist between refugia, we might expect to 
observe rapid divergence. 
However divergence takes place, the important element is that it does so to such a 
degree that some form of reproductive isolation evolves, so that even if populations 
come into secondary contact gene flow between them is prevented, either through 
postzygotic mechanisms such as hybrid inviability or sterility, or prezygotic ones 
such as different mate choice criteria, genital incompatibility, or selection of breeding 
habitat. 
1.4.3 Parapatry 
Parapatric populations are spatially subdivided such that they occupy a continuous 
range with a common boundary, marking the transition from one population to 
another. Gene flow is immediately restricted, as populations can only gain mating 
access to one another at the boundary. In principle, parapatric speciation can take 
place in the absence of any reproductive barrier, although it seems more common in 
nature for the boundaries to form along some kind of ecotone or other physical 
barrier. Parapatry represents speciation by a means intermediate between allopatry 
and sympatry: the processes that might take place in allopatry are moderated by some 
of the properties of sympatry. 
Parapatric distributions are likely to present the greatest number of opportunities for 
the formation of new species, compared to the relatively rare occurrence of allopatric 
and sympatric divergence. The parapatric speciation model also suggests that new 
species can still form in spite of continuing gene flow between them. This is 
encouraging in the sense that true allopatric conditions are likely to be too rare to 
account for the number of species observed, and also the convincing body of 
empirical data which suggest that prezygotic mechanisms of reproductive isolation 
evolve more rapidly in the presence of gene flow than in its absence (e.g. Noor, 
1999). 
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Parapatric populations can also form as a result of 'secondary contact' between 
previously allopatric populations. The most commonly cited scenario is where a 
species range has contracted into isolated refugia during a period of glaciation (e.g. 
Hewitt, 2000). Following the retreat of the ice sheets, range expansion from refugia 
brings subpopulations into contact once again, and any differences that have 
accumulated during the period of separation might be sufficient to prevent their 
unrestricted mixing. In this sense, parapatry probably plays an important role in the 
final stages of speciation: populations which have undergone allopatric divergence 
and subsequently come into secondary contact will complete the process in spite of 
limited gene flow between sub-populations (figure 1.4). The two European species of 
Bombina exist in parapatric secondary contact: the degree of overlap in their ranges 
differs at different points along the boundary, and it is this property which makes the 
Bombina hybrid zone such an attractive one for studies of this kind. By comparing 
transects at different points along the Bombina hybrid zone, it could be possible to 
address questions about the process of speciation such as the role of environmental 
heterogeneity or the degree of parapatry. 
Isolation 	Divergence 	Contact 
Figure 1.4. Divergence in allopatry followed by secondary contact. 
1.5 EVIDENCE FOR SPECIATLON MODELS 
The debate surrounding the most plausible mechanism for the formation of new 
species has been intense (Rice & Hostert, 1993) and major advances in both 
theoretical and empirical study are still being made. Empirical studies include both 
comparative and experimental approaches: the former often making use of species 
pairs which are found naturally in sympatry and allopatry (e.g. Ehrman, 1965; 
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Wasserman & Koepfer, 1977; Coyne & On, 1989, 1997; Noor, 1995, 1999; Saetre et 
al., 1997), whereas experimental studies concentrate more on exposing the postulated 
mechanisms of speciation, such as reproductive isolation (e.g. Hurd & Eisenberg, 
1975; Rice & Hostert, 1993) and reinforcement (e.g. Ehrman et al, 1981; Wallace, 
1982). 
Rapid evolution of sex related genes has fuelled the debate over the role of sexual 
selection in the process of speciation. The traditional focus of studies of sexual 
selection on sexual dimorphism has given way to other traits, such as post copulatory 
behaviour and genital and gametic compatibility: mechanisms which might lead to 
more attractive explanations for speciation than those centred on demographic and 
ecological models (e.g. Civetta & Singh, 1999). High rates of divergence in male 
reproductive genes have been demonstrated in a number of groups, including insects, 
marine invertebrates and mammals (Wyckoff et al., 2000). However, there are still 
only limited examples that demonstrate the importance of sexual selection in 
promoting speciation and they usually require the invocation of ecological barriers 
(Questiau, 1999). On the basis of the current evidence, it seems that sexual selection 
has only a limited, indirect effect on the process and operates to reinforce processes 
that are already underway as a result of other mechanisms. 
One commonly observed phenomenon is that sympatric populations often display 
greater levels of prezygotic isolation than parapatric sibling populations (e.g. Noor, 
1999). Coyne & On (1989, 1997) found that in available data on Drosophila, using a 
'phylogenetically corrected' sample that ensured the greatest level of statistical 
degrees of freedom, every case of strong prezygotic isolation between populations of 
low genetic distances occurred in sympatric species pairs. In other words, prezygotic 
mechanisms were found to arise far more quickly in sympatric taxa than in the same 
taxa in allopatry. The rationale behind this finding is reasonably obvious: females 
preferentially mating with males of their own species should be rewarded with a 
higher reproductive success in terms of the number or fitness of their progeny than 
those which do not. These findings are perhaps not so surprising because the 
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selective disadvantage of producing hybrid offspring will provide further impetus for 
the development of prezygotic isolating mechanisms. The opportunities for these 
mechanisms to be put to the test is greater in parapatric than allopatric populations, 
and greater still in sympatric populations. In essence, there appears to be a stronger 
selective pressure for the evolution of reproductive isolation in sympatry. The 
evidence currently available casts doubt upon the idea that allopatric divergence is a 
major source of new species. However, some kind of ecological variation does 
appear to provide a 'seed' from which speciation events are triggered. 
It therefore seems that the underlying processes by which speciation occurs are not 
limited so much by the broad spatial distributions of individuals as by ecological 
variation on a finer scale. Indeed, divergence with gene flow requires that physical 
barriers are either incomplete or non-existent, restricting them to the spectrum with 
parapatry at one extreme and sympatry at the other. This range is mirrored by the 
forces of.selection that operate throughout this range: from different selective 
pressures operating on either side of an incomplete barrier, to selection for opposing 
genotypes acting in sympatric populations. Clinal speciation models exist somewhere 
between, being characterised by gradual changes in selection along some ecological 
gradient. Thus although geographical separation could be a contributing factor, it is 
by no means an essential prerequisite for speciation to take place. 
1.6 HYBRID ZONES 
Hybrid zones cause difficulties in the application of the BSC, the strict interpretation 
of which allows no exchange of genetic material between full species, and hybrid 
zones can thus only exist between sub-species. In the case of many hybrid zones, the 
region of hybridization is narrow compared to the overall range of the parental taxa, 
and introgression does not affect populations in the middle of each range, only 
'blurring' the edges where the two ranges are in contact or overlap (Hewitt, 1993). 
They therefore actually present evidence for the integrity of species whilst 
questioning the definition itself. 
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The role of hybrid zones as potential sites of speciation is well documented in the 
literature. The interaction between sympatry and allopatry, pre- and postzygotic 
reproductive isolation, and endogenic and exogenic selection have all been subject to 
both theoretical and empirical treatments which use hybrid zones as a model; 
consequently, the body of knowledge concerning gene flow across dines is large and 
sophisticated. There follows a description of the basic characteristics of hybrid zones 
and the contribution the Bombina hybrid zone has to offer in aiding our 
understanding of the processes of gene flow and speciation. 
1.6.1 What is a hybrid zone? 
The existence of naturally occurring hybrid zones has long perplexed evolutionary 
biologists. They are remarkably common: as Harrison (1993) points out, 
hybridization could be more common than is generally acknowledged and has been 
observed in all major phyla. Grant & Grant (1992) also note that in birds 
approximately one in every ten species is known to hybridize, and that the true global 
level could indeed be much higher. To the modern evolutionary biologist, hybrid 
zones illustrate the seamless transition that exists between many taxonomic groups, 
and are useful as 'natural laboratories' (Barton & Hewitt, 1989) in which the 
processes of evolution and speciation can be observed and studied. They are highly 
dynamic regions of species ranges and can expand and contract both spatially and 
temporally, changing in both width and position as the forces which influence them 
wax and wane. They can persist for long periods if they reach a stable equilibrium 
(see Mayr, 1996; Howard et al., 1997), or bring about the effective extinction of taxa 
(Rhymer & Simberloff, 1996) through introgression in a 'wave of advance' (Fisher, 
1937; see Barton & Clark, 1990). Hybrid zones might also represent special niches 
('centres of abundance'; Floate et al. 1997), and other hybrid zones can even form 
within them, as in the case of the hybrid zone in the chewing lice, Geomydoecus 
aurei and G. centralis, which is coincident with that of their host species, the pocket 
gophers Thomomys bottae connectens and T. b. opulentus (Hafner et al., 1998). 
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1.6.2 Climes 
A dine, a term attributed to Huxley (see Haldane, 1948), is a change in gene 
frequencies between two populations. Clines are often sigmoid in shape, and can be 
smooth or sharp depending on the factors affecting the region of hybridization 
(Slatkin, 1973). Clines for different characters need not be coincident: both their 
shape and spatial position can differ. 
Mayr (1963) described dines as slopes from one extreme form of a character to 
another. When these dines are plotted on a map they are crossed at right angles by 
isophenes, which are contours connecting populations with similar mean values for 
the character in question (figure 1 .5). Clines can exist for any character, from single 
polymorphic genes through to complex traits determined by genes interacting at 
many loci. 
I 	I 	I 	I 	I 	I 	I 	 I 	I 	 Mean 
trait 
value I  
II . 




I 	 - Distance from dine centre + 
Figure 1.5. Isophenes (broken lines) link populations with similar mean trait 
values. When these isophenes are equally spaced (i), a smooth dine exists 
between two phenotypes. When isophenes appear more closely packed at the 
centre of the dine (ii), the sigmoid dine characteristic of a hybrid zone is 
observed in the plot of trait value against distance from the centre of the dine. 
Pies represent mean genotype frequencies. 
Clines can be smooth, covering large distances (even over entire continents), or 
locally steepened. Such 'stepped' dines are characteristic of 'tension zones', where 
co-adapted gene complexes are broken down by the mixing of individuals from 
different ecological backgrounds. Tension zones, formally described by Key (1968), 
are not fixed in space, but have a tendency to minimise their length. Although tension 
zones can move anywhere, they tend to become trapped either at an ecotone or in a 
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region of low population density, where gene flow will be impeded (Barton & Clark, 
1990). 
1.6.3 Clime width 
Sigmoidal dines are symptomatic of a balance between dispersal and selection. 
When selection is weak, or dispersal distances are large, narrow dines will not be 
observed. Such dines are only likely to form when selection is strong relative to the 
ability of individuals to disperse. A definition of the width of dines is required: 
although many exist (any arbitrary measure, such as the 20 - 80% interval, can be 
chosen), the most meaningful measure is that of the inverse of the maximum gradient 
(e.g. Barton & Clark, 1990). The reasoning for this can be seen in figure 1.5, which 
demonstrates that as the isophenes become more closely packed in the centre, so the 
gradient of the central step increases: this is inversely proportional to the width over 
which differences are taking place. 
There are three main explanations for the existence of a narrow stepped dine. The 
first is the neutral model, where two divergent populations come into secondary 
contact. The initial abrupt change from one set of characters to another becomes 
progressively smoother with time as alleles mix in a manner that can be 
approximated as a diffusion process. After t generations of mixing, genotypes will 
follow a cumulative normal distribution with variance a 2 t, where a is the 
approximate gene flow by diffusion through a continuous habitat. From this, it is 
possible to estimate the width as 42ir7t, which is equivalent to the inverse of the 
maximum gradient. 
The second possibility is where an advantageous trait value arises. Although the rate 
of spread will vary as a function of the relative advantage of the new trait value, s, 
there are a number of general properties (Fisher, 1937): alleles will spread as a wave 
of constant speed and size (in a homogenous environment), wider dines spread 
faster, and the minimum dine width is 8a /.J, with a corresponding minimum 
speed of cTI. 
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Finally, Haldane (1948) showed that where one genotype, p, is favoured on one side 
of the dine and genotype q is favoured on the other, such that the relative fitnesses 
are Wq :W = I + s for x <0 and Wq :WP =1— s for x>0, a stable dine width of 
o-/Th will result. Such dines are expected to form at an ecological transition 
between conditions affecting the fitnesses of the parental taxa. 
1.7 MULTILOCUS THEORY 
Cline shapes can be compared by plotting them using a logistic transform, 
z = log(pIq), where p and q are allele frequencies. This has the effect of rendering a 
sigmoid curve as a straight line. For a dine maintained by selection against 
heterozygotes, the slope of the line plotted from the logistic transform is 
(8z/6x) = 41w (Barton & Gale, 1993), where z is the logit transformed allele value, x 
is the distance across the dine, and w is the dine width. 
Strong non-pleiotropic associations (linkage disequilibria) often exist between 
different loci in hybrid zones, which can distort the shape of the set of dines. In 
conjunction with information about the shape of a dine, they allow estimates of the 
strength of selection, introgression rates, the number of genes under selection, and 
the strength of barriers to gene flow (Barton, 1979, 1983; Barton & Gale, 1993). 
Linkage disequilibria should be halved each generation as a result of recombination: 
the fact that they are observed in ancient hybrid zones is an indication that they must 
be continually replenished. The most obvious explanation is that this is achieved by 
the influx of parental genetic combinations into the centre of the hybrid zone. Thus 
the strength of linkage disequilibrium must be a function of recombination and the 
rate of influx of both parental types into the centre of the zone. It can be calculated 
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where p and u are the allele frequencies at two loci, r is the recombination rate, o 2  is 
the variance of the distance between parent and offspring (a measure of dispersal), 
and 	is the product of the gradients of the two loci, which at the centre of the dine 
are the inverse of the dine widths (w e , we).  This allows linkage disequilibria to be 





The average pairwise linkage disequilibrium can often be derived from the variance 
in a hybrid index, which can be for either a set of single-locus characters, or for a 
quantitative trait (Barton & Gale, 1993): 
var(z) = — ((1  -) - var(p))+ -( _--)D 	(1.3) 
where D is the average pairwise linkage disequilibrium, is the average of the 
hybrid index and var(p) = 1/n(p1 _)2,  which is equal to the variance of allele 
frequencies across the n loci (Barton & Gale, 1993). The first term of this equation 
gives the component of variance due to heterozygosity at individual loci: subtracting 
this from the observed actual variance gives the component due to linkage 
disequilibria. Note that this method assumes Hardy-Weinberg equilibrium. 
Having estimated linkage disequilibria, it is possible to work back towards an 
estimate of the dispersal rate, which is defined as the standard deviation of the 
distance between parent and offspring, cy. Equation 1.1 gives results for the situation 
after recombination but before migration: a factor of (1+r) must be applied to obtain 
the post-migration figure. Thus, estimates for dispersal rate (y are (Barton & Gale, 
1993): 
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= rw2 	 before migration, and 	(1.4) 
a= . ri3w2/(1 +  r) 	after migration. 	 (1.5) 
The measure of dispersal, c, is useful in estimating further parameters. However, 
many other estimates depend also on the shape of the dine and in particular how far 
it deviates from the straight line expected from a logit transform of allelic data 
forming a smooth, sigmoid dine. The following section discusses such changes. 
1.7.1 Stepped dines and selection 
Selection on a single trait should result in a smooth sigmoid dine. However, the 
effects of linkage disequilibria acting on a number of loci cause the effective 
selection at each locus to increase, possibly by a large degree. This results in the 
width of the dine being reduced; the dine becomes steepened, which in turn 
increases the linkage disequilibria even further. This feedback process can produce a 
sharply 'stepped' dine, flanked on either side by long, shallow tails of introgression 
(Barton, 1983; Barton & Gale, 1993). This stepped form reflects a barrier to gene 
exchange, measured as the ratio between the gradients of the central step and either 
of the tails of introgression (Nagylaki, 1976), providing an estimate of the strength of 
the barrier (B) on either side of the dine: 
B=ip/(êp/ôx) 	(1.6) 
where iXp is the size of the step in allele frequency in the centre of the dine and 
/êx is the gradient at the edge of the dine. Barrier strength is measured in units of 
distance and is analogous to the distance of unimpeded habitat that would present the 
equivalent barrier to the movement of a neutral allele. 
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Most hybrid zones can be explained in terms of tension zones (Barton & Hewitt, 
1985), which can be distinguished from dines maintained by spatially varying 
selection by looking for correlations between environment and the position of the 
dine. Where such correlations are absent, or if there is an association between the 
position of the dine and the population structure, it is likely the dine is maintained 
by a balance between selection and dispersal. Population densities at the centre of a 
tension zone will usually be lower than those on either side. However, this effect is 
unlikely to be important in reinforcing barriers to gene flow, because under weak 
selection the effect is small relative to the forces regulating population size, and 
under strong selection the dine will be so narrow that it effectively falls between two 
demes. The stepping stone model implies little reduction in population size at the 
edge of two such demes (Barton, 1980). 
The widespread observation that most hybrid zones are narrow relative to the range 
of the hybridizing taxa is evidence that selection acts against hybrids independently 
of environmental variation. Clines are often similar in both shape and width at 
different points along the hybrid zone (e.g. Bombina; Barton & Szymura, 1986; 
Podisma; Nichols & Hewitt, 1986). Recombination halves associations between loci 
every generation: the maintenance of linkage disequilibrium is thus due to the 
dispersal of individuals carrying parental combinations of genes into the centre of the 
zone. Combined with the effects of selection against hybrids (many hybrid zones 
show evidence of hybrid inviability, see Barton & Hewitt, 1989), the existence of 
most hybrid zones can be explained without invoking environmental factors. 
However, the role of exogenous (i.e. environmentally mediated) selection in the 
maintenance of hybrid zones remains unclear. Many hybrid zones occur at transitions 
between environmental conditions, and although this can be explained in a number of 
ways, for example range expansion from glacial refugia, and the movement of 
tension zones towards density troughs (Hewitt, 1988), there are several empirical 
studies which have yielded evidence for another explanation, the mosaic hybrid zone 
model. 
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Mosaic hybrid zones provide a stark illustration of the importance of ecological 
scale. At a large scale they can appear as a smooth transition from one taxon to 
another but closer inspection at smaller scales reveals that populations are patchily 
distributed throughout an equally patchy habitat. Populations can thus be closely 
associated to the local conditions (e.g. Szymura 1988, 1993), but at larger scales this 
association is masked by the broader transition from one taxon to another. 
Several transects of the Bombina hybrid zone studied by Gollmann (1984, 1986) 
have provided evidence for a somewhat mosaical distribution of genotypes within the 
Bombina hybrid zone. Populations in the Karsk region of eastern Slovakia often 
contain parental genotypes from both B. bombina and B. variegata in spite of 
widespread hybridization. The patchy distribution of suitable habitat in this region 
might allow such individuals to exist in sympatry, with differences in breeding 
habitat choice preventing them from hybridizing directly. In two transects in Austria, 
the suitable habitat for Bombina was found to be highly fragmented as a result of 
agricultural use, with nearby patches of habitat containing very different 
morphological and genetic populations (Goliman, 1984). Some evidence for past 
hybridization was found: this was attributed to the possibility that the habitat was less 
fragmented before agriculture took place on a large scale, which would have allowed 
higher rates of contact between nearby populations. 
1.8 HYBRID ZONES AND SPECIATION 
Hybrid zones are important to studies of speciation because they allow gene flow 
between populations to be observed and measured. Differences in the shape, position 
and width of dines, and the concordance and coincidence of multiple dines can all 
yield valuable information about the forces of selection maintaining them. As most 
hybrid zones appear to be the result of secondary contact, they might also represent 
the final stages in the process of speciation, although the temporal stability of many 
of them perhaps argues against this idea. 
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Recently, the shape of the distribution of the index of hybridity (e.g. taken from 
enzyme polymorphisms, DNA microsatellites or morphological indicators) has been 
discussed as a method for understanding the internal structure of the hybrid zone. 
Jiggins & Mallet (2000) assert that a 'unimodal' hybrid zone implies either random 
or at least weakly assortative mating, whereas a 'bimodal' hybrid zone implies 
strongly assortative mating (or fertilisation). They also note that strong prezygotic 
barriers to reproduction are associated with bimodality, although postzygotic barriers 
show no clear pattern. Thus, following secondary contact after divergence in 
allopatry, several scenarios are envisaged: 
Hybridization takes place because only postzygotic reproductive isolating 
mechanisms have evolved. In the absence of assortative mating, the distribution 
of genotypes would be unimodal. 
. If some degree of prezygotic isolation has also evolved, the hybrid zone might 
still adopt a unimodal distribution, because any assortative mating rapidly breaks 
down as a result of recombination. 
If strong assortative mating exists, the hybrid zone will have a bimodal 
distribution. Postzygotic isolation could reinforce bimodality: one example being 
the incomplete warning colouration of hybrid Heliconius butterflies (Mallet et al., 
1988). In the face of strong prezygotic isolation, such bimodal hybrid zones can 
separate taxa that are indistinguishable on the basis of morphological 
characteristics (Jiggins & Mallet, 2000). 
1.8.1 Hybrid zones and Bombina 
The Bombina hybrid zone formed as a result of secondary contact following 
postglacial range expansion (e.g. Arntzen, 1978). Bombina are 'almost ideal' subjects 
for study, because they differ in a range of traits, from those with an easily guessed 
adaptive role, to presumably neutral characters (Szymura, 1993). Consequently, the 
Bombina hybrid zone is one of the best-studied hybrid zones in the world, and the 
number of transects described is still increasing. The extraordinary length of the zone 
allows comparisons at different points to be made that might possess different 
characteristics, such as transect age. Comparisons of transects are particularly useful 
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in studies of ecological effects on the hybrid zone. Several detailed studies exist that 
are relevant to the work reported here, and their main conclusions are briefly 
described in the following sections. 
1.8.1.1 Poland 
Szymura (1976) was the first researcher to make use of enzyme electrophoresis to 
distinguish between populations of Bombina in the area outside Cracow, Poland. 
There, the patchy, localised hybridization apparent from morphology alone was 
revealed as a genuine transition from B. bombina to B. variegata alleles over a 
distance of just 6 km (Szymura, 1993). This finding demonstrates that hybridization 
cannot be inferred from morphology alone, although the morphological traits 
measured in Bombina (most notably the ventral pattern/colour) do display broad 
concordance with changes in enzyme polymorphism. In addition to the Cracow 
transect, another detailed study was carried out at Przemysl (Szymura & Barton, 
1986, 1991). Both transects showed remarkable similarity in their properties, in 
particular the following were noted (figures in brackets are for Przemysl and Cracow 
respectively): 
• Cline widths (6.05 km, 6.15 km). 
• Effective selection on marker loci (0.22, 0.17). 
• Fitness of hybrid populations (0.58, 0.65). 
• Estimated dispersal rates (0.99 km.gen, 0.89 km.genU2) 
In addition, mating was apparently random, with populations on both sides of the 
hybrid zone being in Hardy-Weinberg equilibrium. Linkage disequilibrium was 
strong, and there was direct evidence for strong selection against hybrids, with 
observed increases in embryonic mortality and developmental and morphological 
abnormalities. There was also evidence from earlier morphological studies (e.g. 
Michalowski, 1961) that the hybrid zone at both transects had not moved or widened 
for at least the last 55 years (Szymura & Barton, 1991). 
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1.8.1.2 Croatia 
Several transects of the Bombina hybrid zone in Croatia have been studied in recent 
years, including those by MacCallum (1994), Kruuk (1997) and the study reported 
here. The most extensively studied site is in the region of Peéenica, a small village 
approximately 20 km south east of Zagreb. 
Several differences have been observed between the Peáenica transect and the two 
Polish transects, including (MacCallum, 1994): 
. Differences in the shape of the dine (the step in gene frequency at the centre is 
shallower in Croatia, the width is more variable, and the distribution of genotypes 
is not as smooth across the zone). 
. The barrier to gene flow appears weaker in Croatia, with the estimated fitness of 
hybrids being 0.74, compared to an average value of 0.62 in Poland. 
Linkage disequilibrium is approximately twice as high in Croatia, and there is a 
significant departure from Hardy-Weinberg equilibrium in the centre of the zone, 
resulting from a deficit of heterozygotes. 
The existence of an observable habitat preference in toads from the Croatian transect, 
coupled with the distinct differences in habitat distribution compared to the Polish 
transects, led MacCallum (1994) to conclude that they were the most likely cause of 
the apparent differences between the two regions of the Bombina hybrid zone. The 
lower latitude of the Croatian zone could potentially increase the differences in 
habitat availability: the preferred breeding habitat of B. variegata, (see ch. 2) could 
be more ephemeral than in Poland, accentuating the effects of active habitat 
preference in terms of the observed distribution of toads. 
1.9 ECOLOGICAL PARAMETERS WITHIN HYBRID ZONES 
Tension zones require some degree of hybrid dysfunction in order to persist, 
otherwise dines would be much shallower. However, demonstrating such a reduction 
in fitness has proven to be difficult. Kruuk et al., (1999) were able to show that 
hybrid tadpoles taken from natural populations suffer increased mortality towards the 
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centre of the hybrid zone as a result of developmental abnormalities. Their results 
were in close accordance with an indirect estimate of hybrid dysfunction by 
MacCallum (1994). The observation that dines are often coincident is taken as 
evidence that selection against hybrids is more important in maintaining the zone 
than the adaptation of hybrids to local habitats. 
Tension zones have a tendency to minimize their length and so move towards areas 
of 'low neighbourhood size': they are therefore likely to come to rest at physical 
barriers (Barton & Hewitt, 1989). Once the zone is aligned along a barrier, such as an 
ecological transition, it will also tend to be trapped there. Large movements in the 
position of a tension zone are only likely to occur following local extinctions, which 
will allow it to reform in a different location. Tension zones also have a tendency to 
congregate or 'congeal': where many dines accumulate together, a very strong 
barrier to gene flow will build up (Barton, 1983), across which only universally 
advantageous alleles will easily pass (e.g. Mallet, 1993). Figure 1.6 shows how 
environmental variation can lead to the spatial clustering of dines. 
Smooth environmental gradient 
W 	 4D---o---o--o--o—o--e——-- 
Variable environmental gradient 
Figure 1.6. Clustering of dines as a result of variation in environmental 
gradients. Orange circles indicate dine centres for different traits (redrawn from 
Mallet. 1993). 
In the grasshopper Podisina podestris, the broad scale location of the hybrid zone is 
determined by the high Alpine passes which presumably would have marked the 
limits of the northern and southern populations after the last ice age (Nichols & 
Hewitt. 1986, 1988) but on a local level it tends to follow those physical features 
which will lead to lower population densities (e.g. streams, cliffs, heavily grazed 
areas etc.). In a number of places the hybrid zone bulges away from these areas. Such 
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observations can be explained in terms of population densities: higher densities will 
tend to counteract the elastic nature of the tension zone (Barton & Hewitt, 1989) 
1.10 AIMS OF THE THESIS 
Local variation is the subject of this thesis: the aim is to determine which variables 
are important, what scale they operate at, and how much they influence the dynamics 
of the hybrid zone. The model used is the Bombina hybrid zone, which is already 
known to follow a broad scale altitudinal transition dividing Europe into upland and 
lowland, and about which much has been established with regard to the 
selection/dispersal balance governing its general properties. 
Studies of this nature invariably require the application of many different techniques 
taken from a variety of fields. In the following chapter, I describe the basic biology 
of Bombina, its natural history and biogeography, as well as a description of the 
Bombina hybrid zone. Chapter three provides a description of the general 
methodology used throughout the work reported here, covering those techniques 
common to the subsequent chapters. In chapter four an analysis of the Peáenica 
hybrid zone is presented which deals with the comparison between the single locus 
traits previously studied and the belly pattern quantitative trait. There then follows an 
assessment of the effects of spatial scale and environmental variation on the hybrid 
zone, and in particular which habitat characters have the greatest influence on its 
width and spatial position. An analysis of the hybrid zone at Crna Mlaka is presented 
in chapter six, and a comparison with the Pedenica hybrid zone is discussed in 
chapter seven, wherein the thesis is drawn to a conclusion. The appendix contains 
details of the data collected at Crna Mlaka and a graphical description of the 
environmental data. 
For this study, extensive use has been made of the data collected by MacCallum 
(1994), Kruuk (1997) and others over a number of years in the region around 
Peáenica, Croatia. I am particularly grateful for being given permission to use these 
data, the collection of which required a considerable investment of time and energy, 
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something I appreciate well as a result of my own field studies, in which data were 
collected from another region of the hybrid zone in the Crna Mlaka area in 1996. 
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2. THE NATURAL HISTORY OF BOMBENA 
2.1 TAXONOMY AND PHYLOGENY 
ORDER SALIENTIA (Anura) contains frogs, toads and their close fossil relatives. Their 
closest living relatives, the salamanders and caecilians, have 714 living species and 
are thus heavily outnumbered by the frogs, which have 3438 extant species 
(Duellman & Trueb, 1986). As with all other amphibians, the anura are suffering a 
global decline, both in terms of the number of species extant and the sizes of 
individual populations. The reason for this decline is unknown, although it is quite 
likely to be anthropogenic in origin. Some authors maintain, however, that there is 
still insufficient evidence for a general decline; rather that it is a statistical artefact 
resulting from the large oscillations in numbers that seem to be a characteristic of 
amphibian populations (for discussion see Cannatella, 1985). 
Salientia (Anura) have a number of features that distinguish them from other 
amphibians. Most notable are the adaptations that have evolved to allow saltation 
(jumping). These include a reduction in the number of vertebrae to a maximum of 
nine, greatly elongated tibiale and fibulare, and the absence of a tail (Anura means, 
literally, tail-less). These features were present in the earliest known true frog, 
Vieraella herbsti, from the early Jurassic, and still set the frogs apart today (Gans & 
Parsons, 1966). There is no formal distinction made between frogs and toads, 
although frogs are generally regarded as having smooth skin, long hind limbs 
adapted to leaping, and as being highly aquatic, whereas toads have a warty, drier 
skin, with short hind legs adapted for hopping, and have a more terrestrial habit 
(Halliday & Adler, 1986). 
2.1.1 The Bombina genus 
The Bombina genus contains four major species: B. bombina, B. variegata, B. 
orientalis and B. maxima. Bombina bombina and B. variegata occur throughout most 
of Europe, with the former inhabiting lowland areas to the east, and the latter the 
more mountainous regions to the west. Bombina orientalis is found in parts of Asia 
and North America, and is a distant cousin to the more closely related European 
species. Bombina variegata exists throughout its range as a number of sub-species: 
B. v. variegata, B. v. pachypus, B. v. kolombatovici and B. v. scabra (e.g. Arntzen, 
1978). Tests of rabbit antisera against preparations of purified Bombina serum 
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albumin (Maxson & Szymura, 1979) corroborate geologically-based hypotheses 
(Arntzen, 1978), and the results of breeding experiments (Uteshev & Borkin, 1985) 
that the B. orientalis lineage diverged between 10 and 12 million years ago, with the 
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Figure 2. 1. The phylogeny of the Salientia. Note the distinction made between 
the Bombinatoridae and the Discoglossidae. (From Ford & Cannatella, 1993). 
There has been a recent move to re-classify the Boinbina genus as being separate 
from the other Discoglossidae (Ford & Cannatella, 1993). Indeed, there is a powerful 
argument that the Discoglossidae are descended from the early Bombinatoridae, as 
determined by the following synapomorphies: fusion of the halves of the 
sphenethmoid, eight presacral vertebrae, absence of the m. epipubicus, and absence 
of the caudal ipuboischiotibialis muscle (Cannatella, 1985). The most parsimonious 
cladistic analysis on the basis of both molecular and morphometric evidence places 
the Bombinatoridae and Discoglossidae as sub-clades of the Bombinanura (Ford & 
Cannatella, 1993 see figure 2.1). By contrast, other workers (e.g. Hay et al., 1995) 
maintain that the original arrangement (i.e. that the Bombinatoridae are a sub-group 
of the Discoglossidae) is correct. 
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2.2 THE BIOLOGY OF BOMBINA 
Both European species are small (-5 cm) toads, sharing a largely aquatic habit, 
though B. variegata is somewhat more terrestrial than B. bombina. Adults of both 
sexes are characterised by their brightly coloured ventral surface, which varies from 
orange spots on a black background in B. bombina, to a predominantly yellow 
colouration on a greyish background in B. variegara (figure 2.2). In both cases, the 
ventral colouration contrasts greatly with the highly cryptic dorsal surface, which 
contains numerous spiny warts that secrete a variety of toxins of similar composition 
and effect to snake venom. Kiss & Michl (1962) report that a 2 p1 intravenous dose 
of freeze-dried skin venom of B. variegata is sufficient to kill a 20 g mouse. 
flA pic 
Figure 2.2. Variation in the ventral colouration of Bombina. The typical 
colouration of B. bombina is shown on the left, that of B. variegata on the right; 
the three central toads are hybrids. Photomontage © Nick Atkinson 1998. 
2.2.1 Predator avoidance: crypsis and warning colouration 
The vivid colouration of Boinbina, coupled with its dorsal neurotoxin secretions, 
have long been viewed as an anti-predation mechanism, although the fact that the 
bright colour appears on the ventral rather than dorsal surface presents something of 
a problem. There are several possible explanations, however, including the obvious 
possibility that most attacks originate from underneath the toad when in the water. 
This would be accounted for by predation by the common grass snake, Natrix natrix, 
and possibly attacks by larger fish (although Bombina will not deposit eggs in the 
presence of fish, it is quite possible that individuals would come into contact with 
them during the remainder of the year). The dorsal surface of the toad is highly 
cryptic, supporting the hypothesis that camouflage is relied upon until discovery, 
whereby the toad will display the SUnken reflex' (e.g. Marshall et al., 1990), a 
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behaviour in which the body is arched backwards so as to display as much of the 
ventral surface as possible (figure 2.3). In particular, the palm and sole spots, which 
contain venom glands several times larger than those on the back, are always 
prominently displayed (Bajger, 1980). 
Figure 2.3. The Unken reflex', displayed here in Bombina variega'a. The hind 
limbs are folded back almost behind the body, and the whole body is held rigid, 
with no response made to predator interference. The Unken reflex is not unique 
to Bombina: it has been observed in other species (e.g. Rana lemporaria; Haberl 
& Wilkinson, 1997). 
Natrix natrix and the European pond turtle, Emys orbicularis, have been observed to 
eat Boinbina when very hungry. Bombina bombina remains have also been found in 
the stomach contents of mammals including badgers, Meles meles, and polecats, 
Mustela purorius (Bajger, 1980). No personal observations of certain predation were 
made, though one possible occurrence of predation by a heron, Ardea cinerea, was 
seen, and anecdotal evidence of predation on Bonibina by the grass snake Natrix 
natrix does exist (Kietecki, pers. commun.). One of the differences in response to 
predators displayed by Bombina is the puffing up' behaviour observed in B. 
bombina but not in B. variegara. The behaviour has been observed in members of the 
Bufo genus as well, and possibly acts as a deterrent against those predators who 
swallow their prey whole. True to the concept of the evolutionary arms race, Natrix 
natrix possesses enlarged, posterior maxillary teeth which it uses to puncture its prey 
and release the air, returning the unfortunate toad to its former more manageable size 
(Bajger, 1980). The thicker skin of B. variegata might prevent the puffing up 
behaviour, but it perhaps compensates for this with its more numerous multicellular 
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and unicellular spiny warts (Czopkowa & Czopek, 1955): being less permeable, it 
will also help to prevent desiccation. 
2.2.2 The distribution of Bombina bombina and Bombina variegata 
In general, B. bombina is found in low-lying areas of western Europe, B. variegata, 
on the other hand, tends to occupy more mountainous regions (figure 2.4). Little is 
known of the behaviour of either species outside the breeding season, though it is 
possible that Durigen (1897), cited in Nilsson (1954), managed to find the 
hibernating Bombina, declaring that they overwinter in natural cavities, such as 
decaying wood, near to their breeding ponds. Madej (1966) refers to Bombina from 
Mloszowa. near Trzebinia, in Poland, living in rotted tree trunks and under stones. 
Although he inferred that they were "probably frightened out of the pond by feeding 
ducks" it is also possible that he too had discovered hibernation sites. Conversely, 
attempts by members of Edinburgh University to find hibernating Bombina have 
failed (Kruuk, pers. commun.). 
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Figure 2.4. Broad scale distribution of Bombina bombina and B. variegala in 
Europe. Yellow toads represent B. variegata, orange toads represent B. bombina. 
(Adapted from Amtzen, 1978). 
During the mating season, however, Boinbina are highly conspicuous. Individuals of 
both taxa congregate in any available expanse of water: in the case of B. bombina 
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these are more permanent ponds, but B. variegata can be found in tiny puddles of 




Figure 2.5. Differences in the breeding habitat of Bomb/nu hombina and B. 
variegata. Although there were many exceptions, it seems that in general the 
former taxon prefers to spawn in permanent, vegetated water bodies (i), whereas 
the latter tends to be found in smaller, temporary puddles and pools (ii). © Nick 
Atkinson 1998. 
Bombina appears to prefer a woodland habitat (Madej, 1966), although small 
populations of both taxa can sometimes be found in relatively open countryside such 
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as arable farmland (pers. obs.). Almost all types of water body are used for breeding; 
pollution appears to have little effect on habitat preference, though it could of course 
affect reproductive success. It is rare to see Bombina in running water, although on 
occasion this does happen (pers. obs.); this is likely to be indicative of a lack of more 
suitable breeding habitat (Madej, 1964, 1966, 1973). As a broad generalisation, it 
may be said that B. bombina breed in permanent, vegetated water bodies, whereas B. 
variegata are more numerous in smaller, temporary pools, often lacking in vegetation 
(figure 2.5 & table 2.1). 
2.2.3 Differences and similarities 
Bombina bombina, the fire-bellied toad, is largely aquatic and this is reflected in its 
morphology and physiology. It is a small, flattened toad, with a highly cryptic dorsal 
surface and a dark ventral surface with numerous small spots of colour that can range 
from red to orange. The ventral skin is smooth, but the dorsal surface is interspersed 
with small warts and protuberances: these are the venom glands. Males possess large 
vocal sacs that are used to produce the characteristic mating call, the 'unke', which 
gives the toad its German name. Bombina are unusual among toads in that the call is 
produced during inhalation rather than exhalation as in other species. 
Bombina variegata, known as the yellow-bellied toad, is adapted to a more terrestrial 
habit than B. bombina. It has thicker, less permeable skin, proportionately longer 
hind legs and a heavier build, features that possibly allow it to spend longer periods 
away from the water and to move more easily across the land. The dorsal surface 
tends to be greyish in colour and is noticeably more warty, revealing the greater 
concentration of poison-secreting glands which it possesses. 
The mating call is rather 'thin' by comparison with B. bombina, due to the lack of 
vocal sacs. This is probably a consequence of adaptation for minimising desiccation 
(vocal sacs would increase the toad's surface area and allow loss of water through 
their thin walls). It is possible that the mating behaviour of B. variegata, which does 
not involve the same intensity of male-male competition as in B. bombina, has 
reduced the need for a loud call, which must attract predators as well as potential 
39 
2. THE NATURAL HISTORY OF BOMBINA 
mates. Mate selection in B. variegata probably takes place on the basis of different 
criteria than in B. bombina. 
Character Bombina bombina Bombina variegata 
Distribution Lowlands of eastern and central Mountains and hilly 
Europe regions of western and 
southern Europe and the 
Carpathian Mountains 
Breeding sites Large permanent waters Temporary pools. 
puddles and small ponds 
Habit Largely aquatic More terrestrial 
Breeding behaviour Prolonged breeder, territorial Explosive breeder, non- 
males territorial 
Rate of calling 22 mm 95 mm 
Call duration 210 m.s 160 ms 
Fundamental frequency 530 Hz 580 Hz 
Sound pressure at 20 cm. 18.0 10.5 dyn cm- ' 1.8 dyn cm 2 
Vocal sacs Present Absent 
Lung volume in 4.5 cm individual 3.0— 3.5 cm' 2.0-2.2 cm' 
Larynx length in 4.0 cm individual 5.57 mm 4.14 turn 
Mean fecundity 363 eggs 116 eggs 
(largest clutch observed) (509. 547. 689) (204, 233. 294) 
No. eggs per clump 32 17 
(range) (9-76) (4-58) 
Egg diameter 1.4 mm 1.9 turn 
Development time (egg to metamorph at 20C) 73-75 days 61 —63 days 
Skin thickness 134.5 mm 296.6 mm 
(epidermis/dermis) (22.8/111.7 mm) (65.2/231.4 mm) 
DNA Content per nucleus 18.8 pg 21.1 pg 
Chromosome number (identical karyotypes) 24 
Nei's D. 29 loci 0.37-0.59 
Albumin distance 2-4 IDU 
MtDNA sequence divergence 5.6-7.0 % 
Number of genes under selection 55 (26-88) 
Table 2.1. Major differences between Bombina bombina and B. variegata. 
(Adapted from Szymura, 1993). 
The main differences between B. bombina and B. variegata are presented in table 2.1 
above. In the field, the most noticeable differences are in the colouration, size, build 
and mating call. Other important clues that aid identification include the local habitat 
(B. bombina tend to congregate in large, permanent water bodies) and the broad scale 
geographical features (generally low lying, flat land). 
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2.3 THE BOMBINA HYBRID ZONE 
Populations of the two European species are found throughout Europe, though 
sympatric populations rarely, if ever, occur (figure 2.4). However, where a 
geographical transition exists from the range of one species to another, hybrid 
populations are common, appearing to possess characteristics of both parental taxa, 
ranging from physical appearance through to the inheritance of DNA microsatellite 
sequences (Nurnberger et al., 1995). Hybrids were first recorded in the wild by 
Méhely (1905), although they had been known to interbreed in captivity as early as 
the end of the last century (Héron-Royer, 1891). 
A number of hypotheses explaining the observed distribution of Bombina exist, and 
are discussed by Arntzen (1978). A common theme is that the two taxa have 
expanded their ranges following survival of the last ice age in small refugia 
throughout Europe, and that B. bombina has supplanted B. variegata in many areas; a 
statement which explains the isolated occurrence of populations of B. variegata-like 
individuals in mountain regions such as the Bükk, Mátra, Bakony & Mecsek ranges 
in Hungary, the Fruska Gora in the former Yugoslavia, and the Bihor mountains in 
Romania (Arntzen, 1978). However, numbers of Bombina, especially B. variegata, 
appear to be in decline, and the range of B. bombina is noticeably smaller than just a 
few decades ago (see, for example, Nilsson, 1954). This is probably due to climatic 
change, and how it will affect the Bombina hybrid zone remains to be seen. 
One intriguing characteristic of Bombina is that they appear to return to the same 
breeding site year after year. This is evidenced by recapture data from the long term 
study centred on Peéenica (Kruuk, 1997), where individuals have been observed to 
return to puddles no more than a couple of metres in length, sometimes for several 
years running. The implication from this is that long distance migration is a relatively 
rare event, a fact which would help to maintain the narrow width of the hybrid zone. 
Little is known of the migratory behaviour of Bombina, and estimates of longevity 
vary wildly. Bannikov (1950) claimed that most individuals fail to survive a fourth 
winter, whereas Szymura (pers. commun.) gives 15 years as a maximum lifespan. 
Mark/recapture studies carried out by Kruuk (1997) and MacCallum (1994) suggest 
that many individuals are indeed lost within four years, though there were occasional 
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recaptures after this interval. As Nilsson (1954) pointed out, a series of several poor 
summers could easily generate a severe population bottleneck. 
2.3.1 Geography and ecology 
Following the retreat of the ice sheet, range expansion by the two Bombina taxa 
brought some populations into secondary contact. Where this has happened, 
hybridization has occurred freely. However, the width of the hybrid zone remains 
narrow relative to the overall distribution, a characteristic feature of tension zones 
(Barton & Gale, 1993; Key, 1968). Arntzen (1996) has argued that the range of B. 
bombina is strictly limited by altitude, with the relief of the landscape, its hilliness, 
being the critical component. This explanation does account for the existence of the 
enclaves mentioned above, as well as others near Krakow, Iasi and Dobruja in 
Poland. It would also limit the scope for hybridization between the two taxa. The 
observed hybrid zone runs for approximately 4000 km in a north-south direction 
throughout central and eastern Europe; from Poland in the north, through the Czech 
Republic and Slovakia, Hungary and the Ukraine, before finally skirting around the 
Transylvanian Carpathians in Romania and the Balkan states of the former 
Yugoslavia, including Croatia, Slovenia, Slavonia, and Bosnia-Hertzegovina. This 
corresponds to the broad scale changes in altitude and relief that can be observed in 
the terrain throughout Europe (figure 2.4). 
2.4 BACKGROUND TO BOMBINA STUDY IN EUROPE 
Previous studies of the Bombina hybrid zone have focused on a wide range of 
genetic, morphological and behavioural characters. Clinal variations between the two 
parental taxa have been found in DNA microsatellite sequences (Nurnberger et al., 
1995), enzyme polymorphism loci (Szymura, 1976; Gollmann, 1984, Gollmann et 
at., 1988; Kruuk, 1997), ventral colouration and skeletal allometries (MacCallum, 
1994) and male mate calling characteristics (Sanderson et at., 1992). 
Several intensive studies have been conducted on different regions of the Bombina 
hybrid zone, including those of Michalowski (1961), Madej (1966), and Szymura 
(1976) in Poland, Gollmann (1987) in Hungary, and MacCallum (1994) and Kruuk 
(1997) in Croatia. These have shown a broad similarity in the nature of the hybrid 
zone throughout its range, although there are a number of intriguing and potentially 
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informative differences that are discussed later. There is some evidence that 
geological and ecological factors are important in determining the position of the 
hybrid zone, and it is the aim of the current study to establish their relative 
importance. 
The hybrid zone appears to vary between about 6 and 10 km in width, although it 
could in fact be considerably wider in some places, depending on the particular set of 
selective constraints operating at a given point. Clines are concordant and coincident 
for a range of traits. Studies in Poland (Szymura & Barton, 1991) and Croatia 
(MacCallum, 1994) indicated that there were subtle differences between the hybrid 
zones in these regions, most notably the separation of dines when the ecological 
transitions departed from their usual pattern. 
2.5 THE BOMBINA HYBRID ZONE STUDY REGIONS 
To date, two major study sites exist in Croatia, one centred on the village of 
Peéenica (45°36'N, 16°10'E), approximately 20 km south east of Zagreb, the other 
in the Crna Miaka region (45°36'N, 15°48'E), approximately 30 km south west of 
the capital. The former has been the subject of an intensive study for the last ten 
years, during which time an extensive data set has been acquired, with information 
on over 2500 toads from more than 200 sites. The Crna Mlaka region has only been 
the subject of a single systematic survey (1996), but a number of preliminary studies 
had been made previously (Barton, pers. commun.). 
Recent work has centred on the nature of the internal dynamics of the Bombina 
hybrid zone. Whilst fieldwork has provided data that fit genetic models reasonably 
well, there remains a considerable amount of variation that appears to result from 
variation in habitat types. MacCallum (1994) completed an analysis using a simple 
dichotomous measure to describe the breeding habitat type according to whether it 
was temporary or permanent. The work reported here aims to build on those findings. 
2.5.1 The Peenica region 
The study region at Peáenica is bounded by the Odra and Sava rivers, and by the 
Sava-Odra canal which connects them, having been created in 1972 (figure 2.6). The 
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region is relatively flat, and dominated by a commercially managed forest plantation. 
The area within the forest is spectacularly level, with the altitude varying by less than 
one metre for most of the region surveyed in the study. Full descriptions of the 
Peéenica study region are given in MacCallum (1994), Kruuk (1997) and in the 
following chapter. 
2.5.2 The Crna Miaka region 
The second region used in the current project is that centred on Crna Miaka. This is a 
much larger and more varied area, bounded on three sides by ranges of hills, and on 
the fourth by the river Kupa (figure 2.7). The roughly circular central region is rather 
flat, comprising mainly of agricultural and arboricultural land, containing three large, 
artificial fish reservoirs. These lakes were constructed during the Communist era for 
the purpose of raising large numbers of list, or carp, a locally favoured food. 
Apparently, they were dredged to incorrect specifications, and consequently suffer 
from excessive predation by birds due to insufficient cover for the fish (Turk, pers. 
commun.). As a result, they offer little protection for breeding Bombina, but the 
surrounding forest does afford good breeding habitat. 
A total of 100 sites were described during the months April - July 1996, yielding 
over 750 individuals in total, the majority of which were adults. Capture rates ranged 
from one or two individuals to over one hundred at a single site: sampling was 
limited more by time than availability of toads, although some smaller sites were 
considered to have been completely sampled. One striking example was given when 
a single wheel rut was found to contain just two juveniles on the first visit, and the 
same two individuals were captured on a return visit several weeks later. At the other 
extreme, a complex forest wheel rut site near Crna Miaka itself was sampled on a 
number of occasions, and at no time were individuals recaptured, even though more 
















Figure 2.6. The Peenica study site. Pie charts show the hybrid index of 
populations on the basis of ventral colouration. A solid black circle indicates a 
Bombina bombina population; a solid yellow circle represents a B. variegata 
population. 
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Figure 2.7. The Crna Miaka study site. Pie charts show the hybrid index of 
populations on the basis of ventral colouration. A solid black circle indicates a 
Bombina bombina population, a solid yellow circle represents a B. variegata 
population. 
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The region centred on Crna Miaka has a number of key differences from the 
Peéenica transect. It covers a much larger area: the transition from one habitat type 
is more gradual than that at Peáenica. It is also roughly circular, with the central 
region effectively an 'island' of B. bombina. This could have important 
consequences because it will influence the rate of recruitment from migration and 
will also mean that the B. bombina population is being introgressed from all sides by 
the surrounding B. variegata population. The effects of these differences will be 
compared and contrasted in later chapters. 
2.6 THE BOMBINA HYBRID ZONE AS A MODEL SYSTEM 
As mentioned previously, the Bombina hybrid zone has been the subject of a number 
of studies, some of which allow comparisons to be made regarding the effect of local 
conditions on the shape and position of the dines from one part of the hybrid zone to 
another. In particular, enzyme electrophoretic analyses (Szymura 1976, 1993; 
Szymura & Barton, 1991) on the Bombina hybrid zone in Poland, have indicated 
several key differences from the transect studied at Peéenica in Croatia 
(MacCallum, 1994). 
An earlier study of Bombina morphology in Poland (Michalowski, 1958) was 
corroborated by the results of electrophoresis on a number of diagnostic enzyme loci 
(Szymura & Barton, 1986, 1991) and by mitochondrial DNA (Szymura et al., 1985), 
revealing clinal variation which demonstrated a high level of coincidence and 
concordance for the traits measured. However, in the Croatian transect at Peéenica 
(MacCallum, 1994; MacCallum et al., 1997), a strong heterozygotic deficiency 
towards the centre of the dine and significantly higher linkage disequilibrium were 
attributed to non-random mating. An analysis of ecological variables demonstrated a 
genotypic association with breeding habitat (defined as 'pond' or 'puddle', roughly 
analogous to permanently vegetated and temporary pools respectively) that appeared 
to be behaviourally mediated. Empirical data from mark recapture studies have 
shown that migration in Bombina is generally over short distances of a few hundred 
metres at most, although occasionally individuals are found to travel longer distances 
(Szymura & Barton, 1986; MacCallum, 1994; Kruuk, 1997) and are thus evidently 
capable of exerting a habitat preference on a local scale. 
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This study aims to explore the effect of environmental variation on the observed 
distribution of genotypes, and in particular whether such variation is capable of 
explaining the observed differences between transects. The very fact that it has been 
so widely studied in a number of different locations makes the Bombina hybrid zone 
a good candidate for a study of this nature, and the large scale distribution of the 
hybrid zone throughout Central and Eastern Europe offers considerable potential for 
further studies in the future. 
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3. GENERAL METHODOLOGY 
THE METHODS used in this study were derived from a number of disciplines and 
similar methodologies were employed throughout the work. The methods used fall 
into three major categories, field data collection, image data extraction, and analysis. 
This chapter provides an outline of each category in turn, together with descriptions 
of the specific methods employed. Where necessary, modifications and additions to 
the basic methods are described in later chapters as required. 
3.1 FIELD METHODS 
Data were collected by sampling toads from two regions of the Bombina hybrid zone 
in Croatia, namely that centred on Peéenica, between 1992 and 1996 (MacCallum, 
1994; Kruuk, 1997), and the larger region centred on Crna Mlaka in 1997 (figure 
3.1). As discussed in the previous chapter, Bombina are widespread throughout 
Europe, occurring in a wide range of habitat types and locations. In the work reported 
here, toads were captured at breeding sites, including permanent, vegetated ponds, 
small pools of standing water in flood meadows, puddles along forest tracks and field 
margins, and wheel ruts on unmade roads and paths (see figure 2.5). 
Toads were captured either by hand or with a small net. Those in puddles were easy 
to catch, but in larger ponds they were somewhat more elusive because of the 
increased available cover. Calling males were far more conspicuous than the silent 
females, but seemed to be more wary of any movement, making them at least as 
difficult to catch. The approximately equal sex ratio observed over the course of 
many years work indicates that there was no appreciable bias in the sampling rates of 
males and females. 
MacCallum (1994) and Kruuk (1997) recorded a suite of measurements, ranging 
from morphological characters such as ventral colouration, body length and skin 
thickness. Enzyme polymorphism markers and genetic data samples were obtained 
by the removal of a digit from the hind limb of each individual. This procedure was 
carried out under anaesthetic (2% MS222, 3-aminobenzoic acid ethyl ester, Sigma 
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3. GENERAL METHODOLOGY 
3.1.1 Enzyme polymorphism 
Differences between the B. bombina and B. variegara taxa can be quantified through 
the use of allomorphic enzymes, a number of which have been described in previous 
studies (e.g. Szymura 1976). It is possible to construct an index of hybridity for an 
individual by analysing a range of these polymorphic enzymes. Taking the mean 
value for the population allows an estimate for the degree of hybridization at a given 
breeding site: plotting these means on a spatial map yields broad scale information 
about the path and width of the hybrid zone, and facilitates further analysis into the 
dynamics of gene flow between taxa. 
A total of six allozymes have been used over the course of the Peéenica hybrid zone 
study. Gel electrophoresis allows the categorisation of individuals on the basis of 
hetero- or homozygosity of each enzyme, which were classed with scores of 0, 1 or 2 
accordingly (with heterozygotes scored as 1). Of the enzymes tested, four were found 
to be diagnostic for the two Bombina taxa, and the summation of scores for each 
allozyme resulted in an index ranging from 0 to 8, with 0 representing B. bombina-
like individuals, and 8 representing B. variegata-like individuals (see MacCallum, 
1994 for details of the methodology). The mean score for each breeding site was 
calculated and scaled such that it ranged between zero and unity; these scores formed 
the basis of the subsequent analysis. 
The enzyme electrophoresis data used in this study were obtained by MacCallum 
(1994), Kruuk (1997) and others at the University of Edinburgh. The analysis, 
however, is the result of the current study. 
3.1.2 Quantifying variation in ventral colouration 
The fire-bellied toads show great diversity in ventral colouration, ranging from the 
small orange spots on a black background seen in B. bombina to the large 
interconnected patches of yellow colour on a grey background typical of B. variegata 
(see figure 2.2). Each individual toad has a unique ventral pattern that can be used for 
identification. More specifically, there are fairly well defined classes of colouration, 
which have been used as basis for a number of schemes by which to categorize 
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hybrid populations (e.g. Michalowski, 1961). The system adopted by previous 
studies of Bombina in Croatia was that outlined by Szymura (1976), comprising an 
eleven-point (zero to ten) scale based on the degree of connectivity between regions 
of colour (figure 3.2). The ventral surface can be divided into a number of regions, 
some of which (i.e. regions 1, 3, 7 and 9 in figure 3.2) are assigned a value of one if 
the coloured skin forms a contiguous patch or zero if it is fragmented. Other regions 
are assigned a score of one if they form a continuous patch of pigmentation with their 
neighbouring regions. For example, region 2 scores one if there is a continuous patch 
between 1 and 3. The same applies to regions 6 (3 -* 7) and 8 (7 	9). Finally, the 
bilaterally symmetrical regions (i.e. 3 -* 4, 4 	5 and 9 +-* 10) are assigned scores 
of ½ for each side, if they form contiguous patches with adjacent regions. 
Region Criterion 	 Score 
2 	 I 	Contiguous patch 	 I 
5 4 3 4 5 	 2 	Connection between I & 3 	0 
6 
7 	 3 	Contiguous patch 	 0 
8 4 	Connection between 3 & 4 
10 	10 	 5 	Connection between 4 & 5 	I 
6 	Connection between 3 & 7 	0 
S 7 	Contiguous patch 8 	Connection between 7 & 9 9 	Contiguous patch 	 I 
10 	Connection between 9 & 10 	1 
Total (out oflO) 	 7 
Figure 3.2. Schematic for the ventral colouration and scoring methodology. The 
scale varies from zero for Bombina bombina to ten for B. variegala, with hybrids 
yielding scores between approximately 3 and 7. The figures given are for the toad 
illustrated. (Described in Szymura, 1976). 
Although other information does appear to be contained within the ventral pattern, 
such as the total amount of colour, the actual colour, and the number of discrete 
spots, attempts to link them to the previously observed pattern of hybridization have 
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been unsuccessful (Barton, pers. commun.). One possible explanation is that the 
genetically determined aspect of ventral colouration is limited to the connectivity 
between regions of pigmentation, and that the remaining variation is developmental 
in nature, perhaps resulting from factors such as nutritional status during the larval 
phase. However, the availability of individual spot scores and population means 
allows the comparison of clinal variation in a quantitative trait with the results of 
single-locus analyses obtained from the electrophoretic data. 
3.2 HABITAT VARIABLES 
One of the main questions in this study centred on whether environmental factors 
help to explain certain features of the Bombina hybrid zone, such as its position and 
width. To answer this, it was necessary to obtain information about the breeding 
habitat in which Bombina were found. There are several ways of doing this, which 
vary in the amount of effort required both in field collection and subsequent data 
manipulation, and also in the spatial scale and resolution at which it is possible to 
gather such information. Apart from the various technical difficulties associated with 
the different methods, the main ones of which are described below, it is also 
necessary to address several questions regarding the biological relevance of these 
methods to Bombina. The aim in any study such as this is to invest the minimum 
amount of effort into the data collection required in order to satisfactorily answer the 
question: more data are superfluous, and less render the study meaningless. 
Broadly speaking, there are two ways of obtaining environmental data. Direct 
sampling in the field can be a rich source of information. Features can be described 
in their current state, and it is possible to be confident about the truth of the data. 
Indirect sampling methods utilize information gained from remote sources, such as 
topographical maps and satellite images. These sources offer advantages in 
accessibility, automation and scale, although they also have distinct drawbacks, 
which are discussed in the following sections. Both direct and indirect methods of 
environmental data collection were employed in this study. The methodology and a 
discussion of the advantages and disadvantages of each are described in section 3.2.5. 
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3.2.1 Ecological scale 
Living organisms are influenced by many environmental factors, ranging from global 
ones such as mean annual temperature, atmospheric oxygen content, sunlight and UV 
radiation, to local factors, such as breeding habitat quality, soil pH, predator 
abundance and food availability. Not all environmental parameters operate at the 
same spatial scale, and many are capable of exerting an influence at more than one 
scale. For example, grizzly bears (Ursus arctos) display great flexibility in habitat 
use at a continental scale, ranging from arctic tundra to coastal rainforest (Allendorf 
& Servheen, 1986), yet avoid roads and human occupations at an intermediate scale 
of < 100km, and select the more open habitat within forested areas at scales of 4 - 
8 km (Mace et al., 1996). In attempts to determine the relative importance of factors 
in influencing the spatial distribution of a species or ecological community, it is clear 
that not only the parameters themselves but also the scale at which they are measured 
are crucial to both the success of a study and the generality of its conclusions. 
This hierarchy of scaling influence is paralleled by the distribution of a species 
within its range, with the range limits themselves defined by parameters of major 
effect, such as climatic conditions, altitudinal or latitudinal constraints. Within the 
species range, fine scale patterns of distribution are affected by other ecological 
parameters, as the grizzly bear example illustrates. Population-level distributions are 
influenced by the availability of suitable cover, food and breeding habitat, each of 
which will also determine the degree of connectivity between neighbouring 
populations. In contrast, there are endogenic factors that will exert a stronger 
influence at smaller scales than larger ones. Familial groups are more likely to 
possess adaptations to the local environment than groups from further afield, and the 
interplay between local adaptations and ecological conditions will tend to lead to 
non-random, self-organising patterns of distribution (Rohani et al., 1997). In one 
sense, these genetically based factors will act to mitigate the effects of environmental 
variation, but in another they act to reinforce them. 
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Figure 3.3. 'False' bimodality arising from an inappropriate sampling scale. In 
(i), the sampling frame overlaps both sides of the hybrid zone. Because the 
hybrid zone exists at an ecotone, there is a reduced population density towards 
the centre of the dine. This results in a bimodal sample, with greater numbers of 
each parental type than of intermediates. In (ii), however, the sampling frame is 
much smaller than the width of the hybrid zone, so any sample reflects the 'true' 
frequency distribution of individuals at a given site. 
In hybrid zone studies, it is important to assess clinal change on a scale that is 
appropriate to both the organism itself and to the width of the hybrid zone. This is 
well illustrated by recent discussions in the literature concerning the modality of 
genotypic distributions within hybrid zones (Jiggins & Mallet, 2000a,b; Schilthuizen, 
2000). For example, in a snail hybrid zone in Crete, the width of the zone is known to 
vary between just a few to several hundred metres on the basis of an ecological 
transition. Where the zone is relatively wide (i.e. the ecotonal transition is gradual), a 
10 x 10 in sampling area will tend to yield unimodal samples, with genotypes being 
clustered around the mean value for a given trait. However, where the hybrid zone is 
narrow (i.e. a sharp ecological transition), it is possible that the contribution from the 
two parental taxa will outweigh that of the intermediate forms. This could easily give 
the impression that the hybrid zone is bimodal (figure 3.3). 
In the Bombina hybrid zone, however, this particular problem is possibly avoided by 
the nature of the sampling method itself. Because samples are collected from 
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breeding sites, individuals effectively sample themselves from the surrounding area, 
converging together at what is effectively a point location, the breeding pond. This is 
clearly different from the way in which samples might be collected in a hybrid zone 
of sessile organisms. In many ways, it simplifies the problem, because it is then only 
necessary to ensure that ecological variables are collected at a scale that is likely to 
be important in terms of the dispersal distance of individuals. 
3.2.2 Active habitat choice 
Local distributions of animal populations can be determined by active habitat choice: 
individuals exert such a choice when faced with habitats of varying suitability or 
quality within the area over which they are able to travel. There is usually a 
precedent: they will tend to be born in areas of suitable habitat as a result of prior 
maternal habitat choice, although this will not be the case in organisms which are 
dispersed as eggs or larvae. Active habitat choice in this sense is therefore limited by 
the ability of an individual to sample the environment. However, the broad scale 
distribution of species populations is governed by physical and ecological factors that 
transcend the ability of individuals to sample the available habitat (the isolation of 
populations through the destruction of habitat provides evidence of this: only the 
provision of suitable 'corridors' allows individuals to move between patches of 
suitable habitat). Other factors, such as climatic conditions, impose absolute limits on 
the distribution of a species that can only be extended as a result of genetic 
adaptation. 
The interaction between forces governing broad and local scale distributions can lead 
to difficulties when the relative importance of ecological parameters are being 
assessed. In particular, the scale at which such parameters are measured will directly 
reflect the type of distribution they influence. For example, comparing levels of 
forest cover across North America might provide insight into the distribution of 
grizzly bears on a continental level, but it is unlikely to reveal much information 
about how individuals choose to occupy one area rather than another. Conversely, a 
study of habitat choice by individuals could easily be misleading if the results were 
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simply extrapolated to provide an explanation for the continental distribution of 
grizzly bears. This highlights the importance of selecting the appropriate scale at 
which to measure candidate ecological parameters. 
Choosing an appropriate scale at which to measure ecological parameters presents an 
element of circularity: before asking whether a parameter is useful in explaining the 
distribution, either local or global, of a species, it is necessary to find the scale at 
which that parameter best explains it. Indeed, one of the pitfalls awaiting Geographic 
Information Systems (GIS) based analyses is that it becomes possible to sample areas 
at many scales, and the problem is analogous to that of performing multiple 
correlation tests: sooner or later, a correlation will be found. To avoid this problem, 
an experimental approach is desirable, whereby a sample of data are tested against 
ecological variables measured at a range of scales, with the most suitable parameter 
values from this analysis being used to test the full data set. This pilot study approach 
was adopted in the work reported here, and further details are set out in the following 
section. 
3.2.3 Ecological scale in the Bombina hybrid zone 
In Bombina, there is a fairly clear indication that the broad scale distribution is 
delimited by mountain ranges and associated changes in forest cover (e.g. Arntzen, 
1978). The aim in this study was to assess the influence of ecological parameters 
with regard to the position and width of the hybrid zone, and so it is the effect at a 
more local scale that is relevant. Toad samples were collected during the breeding 
season, when individuals congregate around ponds, puddles and other bodies of 
water. These sites are effectively point sources, and to examine the effects of the 
surrounding habitat therefore requires that an additional area beyond the extent of the 
breeding site itself is sampled. The main question is thus how large an area to take 
into account. 
The ecological variables used in this analysis were selected primarily on the basis of 
their being the dominant landscape features: altitude and contour density describe the 
physical terrain, forest cover provides a distinction between major habitat types, the 
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availability of water seems likely to be important to amphibians, and the urban 
development measure provides an analogue for human disturbance. The variables 
extracted from the satellite image were the main habitat classes following image 
validation, and provided the highest degree of contrast between areas. Each of the 
spatial variables (i.e. all of them apart from altitude) were calculated for a 2000 m 
circular region, centred on the location of the site. It was possible to assess smaller 
scales by extracting the required sample size from the 2000 in regions. 
3.2.4 Autocorrelation 
One of the problems with any study of spatial organisation is autocorrelation between 
data. If two data points overlap, they cannot be regarded as independent of one 
another: some of the information held within them is common to both, and this 
causes difficulties in statistical analyses as many methods assume that data are 
independent of one another. The problem can be solved to some degree by reducing 
the size of the area sampled around each. As the size of the area decreases, so does 
the amount of overlap, which will result in a greater number of independent data 
points. This is discussed in further detail in chapter 5. 
However, addressing the problem of autocorrelation raises another related one, which 
is central to the whole question of scaling. If one takes point source data from each 
site, the result will be to have information about the unique features of that particular 
site. However, such information could be too specific to provide generalisations 
about the distribution being studied: the level of detail might be too great to allow 
broad associations to be distinguished. By increasing the area under consideration 
around a site, the information about it becomes progressively more general to the 
area, and it is finding the optimum scale that allows statements to be made about the 
distribution of populations. If the scale is too large, the information for each site will 
become too general and will only describe the area as a whole, such that differences 
between sites will be difficult to distinguish. This, coupled with the increasing effect 
of autocorrelation as the spatial scale is increased, acts to put an upper limit on the 
scales that can be considered. The optimum scale, therefore, lies somewhere between 
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those that are too small to provide information that is general enough, and those so 
large that they obscure the important differences between sites. 
So what is the best way of choosing a scale with which to work? There are three 
main methods: 
. choose a scale which has some a priori biological relevance, 
. use a range of scales throughout the study in the hope that one will emerge as the 
most informative, 
. conduct a 'pilot' analysis to determine the most suitable scale, by testing a 
reduced data set. 
Obviously, there is some degree of overlap between these approaches. There must be 
biological significance in the parameters being measured, so this will perhaps define 
the range of scales used, rather than the actual ones chosen. Also, it could be that the 
effort required to produce data sets for different scales does not depend to any great 
extent on the sample size. For example, a geographic information system will be 
capable of producing raster data from satellite images at a range of scales with very 
little additional effort required by the user, and so it would seem to be more sensible 
to conduct the analyses at a range of spatial scales. Alternatively, it could be very 
time consuming to obtain data sets at different scales if they are produced manually. 
In such cases, the best approach would be to analyse a sub-sample of the data to 
determine the most appropriate scale at which to conduct the main analysis. 
In the current study, satellite data were extracted using a GIS (IDRISI) and 
topographical map data were extracted manually using image analysis software. A 
maximum spatial scale of 2000 m was chosen on the basis of Bombina ecology: 
previous studies have indicated that average dispersal distances are less than 1000 m 
(Szymura & Barton, 1986, 1991; MacCallum, 1994). Satellite data were only 
available for the PeCenica transect, so a comparison of these satellite and 
topographic map data was conducted to allow inferences to be made about the 
accuracy of the data obtained for the Crna Mlaka region. 
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3.2.5 Field Sampling 
Put simply, field sampling is the description of a site by somebody who is actually 
there. In principle, it would seem to make most sense in terms of obtaining accurate, 
up to date information, as well as allowing the observer to take into account any local 
peculiarities. However, there are also a number of problems associated with this 
method that can render its collection inefficient with respect to the explanatory power 
it provides. Observations are restricted to the immediate vicinity, and are also limited 
by the physical ability of the observer to reach all the required sites: the nature of the 
terrain can make access to some areas difficult or even impossible. It is time 
consuming, something which becomes a prohibitive problem for large study sites. 
Perhaps the greatest disadvantage is that the data collection only takes place at the 
sites sampled. Although this might seem obvious, its implication is that it is not 
possible, or at least not practical, to sample large numbers of potential sites. Asking 
why populations congregate and breed at one site and not at another might be a 
useful way of establishing factors that determine the characteristics of a hybrid zone. 
Field sampling does offer a number of positive features: data are collected from 
precisely the same location from which study organisms are trapped, the fine scale 
details of the area can be noted, current conditions can be taken into account, and a 
number of other characters can only be quantified by direct observation. In the case 
of Bombina, for example, the type of water body can be noted (for example, clear, 
vegetated or polluted), its depth, temperature and acidity can be accurately recorded, 
and the surrounding vegetation, light availability, soil characteristics and local 
disturbance can all be assessed. 
For each site in the Peéenica study a suite of variables were recorded: sixteen 
relating to the aquatic habitat and three describing the terrestrial habitat of the 
surrounding area. Of these, nine were removed because they yielded unreliable or 
uninformative results (table 3. 1), and of the remaining variables, seven were analysed 
using a discriminant function method. Four of these were found to describe the 
difference between permanent pond sites, and temporary puddle-like sites. The 
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significant variables were % emergent vegetation, % shore vegetation (from height 
class 0 - 15 cm), water depth and pool width. These allowed all sites to be 
categorised into one or the other habitat type (MacCallum, 1994). 
Ecological 
type Parameter Exclusion basis 
Pond/puddle - 
Width (m) - 
Length (m) Impractical (e.g. canals) 
Depth (m) - 
Max bank depth (m) Inconsistently scored 
Bank incline (category) Inconsistently scored 
• Emergent vegetation - 
Aquatic % Submerged vegetation - 
• Shore vegetation (category) - 
• Overhead tree cover Inappropriate measure 
Soil pH Unreliable data 
Water pH Unreliable data 
Air temperature Insufficiently controlled 
Water temperature Insufficiently controlled 
Altitude - 
Pond substrate (e.g. leaf litter, mud etc.) Inconsistently scored 
Immediate (general habitat within 5 ip) - 
Terrestrial Surrounding area (within 500 m) - 
Regional (general area description) - 
Table 3.1. Habitat parameters quantified at Peéenica, showing reasons for their 
exclusion from the analysis by MacCallum (1994). 
The subsequent analysis demonstrated that the most important aspect of these four 
variables was in fact the extent to which they were able to describe a breeding site as 
either permanent or temporary. The study demonstrated that there was a clear 
genotypic association with breeding habitat type and that the most likely explanation 
for this was behaviourally mediated habitat choice. 
3.2.6 Topographical Maps 
In principle, extraction of habitat measures from topographical maps offers a 
relatively simple technique: the data are easy to collect, all regions are equally 
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accessible and will yield qualitatively similar results*.  Additionally, cartographic 
production methods have a fortuitous tendency towards the depiction of large-scale 
features, which have important consequences for species distributions; variables such 
as forest cover, altitude and presence of water are typical of these. Such basic 
measures can often be subdivided: forest cover can be distinguished into a number of 
types such as deciduous, coniferous, ancient woodland and recent plantation. Water 
bodies can be categorised into rivers, ponds, or lakes (both natural and artificial 
types). Altitudinal isotones can be categorised as steep or gentle, convex or concave, 
and smooth or craggy. This potential to rescale variables to the desired resolution 
makes the use of maps as data sources very appealing. 
Cartographic simplification of the environment is, however, a double-edged sword 
(Burrough, 1996). Characters might be represented in insufficient detail for the 
purposes of the study; a key example of this is where the density of woodland cover 
is not discernible from the map, so that areas of thick forest are represented in the 
same way as areas of sparse scrubland. The level of accuracy increases in proportion 
to the scale of the map, with features such as altitudinal isobars being indicated at 
progressively infrequent intervals as the scale decreases. This introduces another 
level at which scale should be taken into consideration, and the merits and drawbacks 
of simplistic representations must be balanced at all times against the intended 
analysis. 
The methodology of data extraction from maps could itself present a set of 
difficulties. Factors such as map quality and condition are important in determining 
the compatibility and reliability of the information obtained: it will often be the case 
that data will be extracted from a number of map sheets, and differences in their 
condition can exert an influence on their comparability. Others, such as the quality 
* This is assuming that the map was drawn from an aerial image and is not the result of a land survey: this would 
fall prey to some of the same problems imposed by direct field sampling, in that less accessible regions would 
be less intensively surveyed. 
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and condition of the scanner used to digitise the information, the criteria used for 
determining the range of pixel values that define a given parameter, and the software 
used to process images will all have some bearing on the quality of the derived 
variables. A further important consideration in such analyses is the age of the map 
series, as data relate to the habitat as it was when the survey was completed*.  Poor 
and developing countries might be unable to produce updated maps on a regular 
basis, and it could often be the case that the best available maps are several decades 
old. 
When data from several sources are being combined, it might also be necessary to 
register each 'layer' of data so that they coincide correctly. For example, field data 
collected using a Global Positioning System (GPS) for positional locations could 
only be combined with data extracted from map scans once the map projection has 
been accounted for. The age-old problem faced by cartographers of representing the 
three dimensional earth on a two dimensional sheet of paper has generated a large 
number of different projection methods. Some distortion is inevitable, the amount of 
which will vary not only with the projection used but also the point on the surface of 
the Earth being studied. This is because some projections tend to exaggerate the polar 
regions whilst others exaggerate the equatorial regions (Burrough, 1996, p68). Thus 
the projection used will determine the degree to which the map coordinates coincide 
with the GPS coordinates. To ensure that they match one another across the area 
studied, the distortion must be removed or at least minimised with a correction 
algorithm: as the area being studied increases, a more powerful correction process 
must be employed. 
In spite of these potential pitfalls, the use of maps as sources of data does 
nevertheless hold promise. The most important aspect to consider is that of choosing 
a map scale that is appropriate to the spatial scale of the analysis. For the current 
* They might in fact be rather older than the map series date: the interval between data collection and map 
production will vary from country to country. 
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study, it was decided that the spatial data extracted from maps of the hybrid zone 
should be sufficiently accurate to allow a broad scale analysis. To this end, maps 
covering the study area at a scale of 1:25 000 were obtained during the course of the 
field study in Croatia. As the purchase of such maps was not permitted, the relevant 
sheets were borrowed from the Geographical Institute in Zagreb, and colour 
photocopies were made. The age and quality of the maps was variable, and the 
photocopies were correspondingly inconsistent. This, coupled with slight differences 
in the reproduction quality of the photocopied sheets, has resulted in a number of 
difficulties that are not usually a factor in this methodology. Consequently, extraction 
of data from maps has largely been a manual process. The advantage offered by the 
use of this method is that it allowed the results of the extraction to be checked for 
consistency on a continual basis. The methodology used is described below. 
A square of side 2000 m, centred on each site, was digitised from maps using a 
flatbed scanner (Trust Imagery 4800), and a 200 Mhz PC-compatible computer. 
Where sites were located at the edge of a map sheet the correct areas were scanned 
from each relevant sheet and digitally 'glued' together using the software package 
Paintshop Pro v 4.12. (Jasc Software, Inc.). Maps were scanned at a resolution of 310 
pixels per inch, which was calculated by the following formula to leave each pixel 
representing 2 m 2: scan resolution = map scale/pixel size. 
The resulting image was then split into four component variables, namely: 
• Altitude isolines (contour lines, embankments) 
• Forest cover (deciduous and coniferous woodland) 
• Urban development (buildings, roads, railways, bridges etc 
• Water availability (rivers, ponds and marshland regions) 
Image splitting was achieved by reducing the image to a manageable number of 
colours (256), then extracting for a given variable those colours that formed part of 
that layer. For example, forest cover was represented on the map by green ink, but in 
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the scanned image a large number of colours were present: this was partly as a result 
of ink inconsistency in the original map and subsequent photocopy, and partly 
because of the coding of colour hues as the image was digitised. However, by 
extracting the pixels whose values were relevant to the variable under consideration, 
it was possible to construct a single layer binary image that represented the coverage 
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Figure 3,4. Splitting the original 1:25 000 map image into four binary layers, 
each representing one of the candidate variables. (From top left, clockwise, 
contours, forest, urban development and water). 
Contour data proved to be particularly problematic with respect to establishing the 
set of defining pixel values. In unforested areas contours were represented by orange 
lines, but in forested regions the orange ink on the map appeared as black on the 
scanned image. Black was also the colour by which buildings, roads, railways and 
other urban developments were indicated, as well as grid lines and text. This 
difficulty necessitated the presence of contour lines to be determined manually. This 
was achieved by tracing them using a graphics tablet (Wacom UltraPad A4): actually 
a standard method in map digitising procedures (Burrough, 1996, pp57 - 61). 
Although time consuming, the technique does offer the advantage of ensuring that 
only contour lines are extracted. This is important because the inclusion of spurious 
information would greatly affect the measure of coverage, as contour lines by their 
nature occupy only a small fraction of the total map surface. 
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After separation into layers, each of the resulting images was converted into a 
'binary' form, composed of only black and white pixels, ensuring that equal weight 
was given to all pixels in the subsequent analysis. Next, using an image analysis 
software package (ImageTool, vi .0), a series of masks were applied to each layer. 
The percentage of black pixels in the remaining region was taken as a measure of 
total coverage (Coverage = Pixels/irr, where r = radius measured in pixels). The 
process of data extraction from maps thus yielded two immediate measures: the 
absolute value of a given variable at a given spatial scale, and the relative change in a 
variable as the spatial scale changes (figure 3.5). For each site, a total of forty 
measures was obtained, i.e. four variables at ten spatial scales. 
• • 
U.. 
Figure 3.5. Two methods for characterising spatial data. In the first, each 
measure contains an increasingly larger size class, such that, for example, the 
value for 300 m contains the entire pixel coverage for that area. In the second 
method, each size class contains only data extracted from that class, such that the 
value for 300 m would be Value 3 - (Value,,, + Value,). 
A preliminary analysis was conducted on the rate of change for each variable, 
making use of a limited sample set. Although there were some indications that this 
method of characterising habitat would yield information about the Bombina hybrid 
zone, it was difficult to assess quite how to fit that information into a plausible 
framework. For the current study, therefore, only the absolute coverage values have 
been used, which are easier to understand as providing a series of spatial models to 
test against the observed distribution of toads. 
3.2.7 Remote sensing 
The recent surge of interest in the use of satellite image data in biological studies 
reflects the wealth of potentially useful information they offer, although there are 
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also a number of attendant shortfalls. Of these, expense, data complexity, 
misclassification, over-classification, and registration errors are perhaps the most 
obvious, with factors such as cloud cover, season and image age playing a relatively 
minor, but significant, role. Considerable expertise is required in the manipulation of 
the raw data file into a format that can be readily understood, and each stage of the 
process conceals a number of sources of error. One of the main problems is how to 
group similar characteristics into classes which maintain biological plausibility; the 
analyst is presented with a vast quantity of data to manipulate, and so correct 
classification of the image is a vital stage of the process. 
Classification cannot be regarded as reliable until validation has been carried out in 
the field. The effort required to properly check the classification of an image is 
considerable, and to some extent negates the benefit resulting from the use of satellite 
images. As an image will cover a large geographic area, it is necessary to travel 
extensively within it to ensure that classification is consistent throughout its scope. 
This might be either impractical or impossible for the field worker to achieve, 
although the results of such an effort will be repaid in the form of vastly improved 
understanding of the system being studied. 
A SPOT (Satellite Probatoire pour l'Observation de la Terre) satellite image of the 
study region was obtained, which consisted of four bands, three from the visible and 
VNIR (Very Near Infra Red) wavebands, with a resolution of 20 m, and one 
panchromatic layer with a resolution of 10 m. The current SPOT satellite was 
launched in February 1986, and carries two pushbroom imaging systems, each of 
which comprises two pointable devices to allow off-nadir images, making possible 
stereoscopic viewing. A pushbroom system is an imaging device consisting of a 
fixed linear array of many sensors that is swept across an area by the motion of the 
platform, thereby building up the image (figure 3.6). It relies on sensors whose 
response and reading is nearly instantaneous, so that the image swathe can be 
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Figure 3.6 The SPOT satellite pushbroom system. The satellite tracks the nadir, 
and an array of sensors sweeps rapidly across the field shown by A—*B to 
produce the image. (Redrawn from Burrough. 1996). 
Image pre-processing takes place at the Space Imagery Rectification Centres (CRIS) 
associated with two main receiving stations located in Toulouse, France and Kirima, 
Sweden. Pre-processing results in a raw image file that has been modified in only the 
most basic manner, and might involve adjusting the resolution, the pixel shape (both 
for skewness and squareness), and the cartographic projection in order to ensure 
topographical compatibility with the data from other sources. One special problem is 
in achieving spatial alignment with boundary features such as roads, rivers, and field 
or forest margins. Although they can be inferred from the satellite image, their exact 
position is often difficult to assess due to the coarseness of the pixel data (Burrough, 
1996, ch. 6). A special term, mixel, is used to describe those pixels whose DN 
(digital number, 0 - 255 greyscale value) is a composite measure of two 
neighbouring pixels (figure 3.7). The occurrence of mixels often causes difficulties in 
classifying the satellite images. 
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Image classification was carried out by Rob Bugler (NERC report Barton et al., 
1997). This involved the creation of a false colour composite (FCC) image, 
registration of the image onto the same spatial scale as the topographical maps used, 
and finally the classification of pixels into vegetation types and other features. The 
creation of the FCC image allows for the spatial resolution of the panchromatic layer 
(10 m) to be used, in addition to the 20 m resolution of the three visible/VNIR 
wavelength images. This is because any 20 m pixel can be further reduced into four 
10 m pixels by using the information contained in the panchromatic image (figure 
3.8). This technique can often be useful in interpreting mixels: although it probably 
creates a large number of them elsewhere in the FCC image, the gains will generally 
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Figure 3.7. Demonstration of the difficulties posed by 'mixels'. As the image 
resolution is increased, it becomes clear that pixels belonging to a class have 
digital numbers (DNs) from a range of values. Occasionally, pixels will have a 
DN which belongs to another class: such pixels are awkward to classify 
automatically, and manual corrections must be sought. 
A particular problem exists when comparing a satellite image with a cartographic 
representation. As the satellite orbits the Earth (at a variable height, though this is 
transformed into a constant during pre-processing) it constructs an image in a planar 
manner. However, doing so preserves the distortion caused by the curvature of the 
Earth; distortion that has been removed or at least minimised by most projection 
methods used in cartography. Registration of the image into alignment with a 
topographical projection is a skilled task. It involves the application of a filtering 
algorithm to the image in order to distort it into a shape congruent with the 
topographical map. Once achieved, a point on the satellite image should correspond 
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precisely to a similar location on the map, enabling direct comparisons between the 
two to be made. 
Figure 3.8. Making use of the 10m resolution monochromatic SPOT image 
enables the 20 in resolution of the colour layers to be increased to a 10 m 
resolution. Overlaying the two images gives each 20 m colour pixel a further four 
'flavours', as determined by the pixel values in the corresponding part of the 
monochromatic image. 
A total of 24 classes were defined within the SPOT image, and these were 
subsequently regrouped to give eight variables. Four of these were 'direct' measures 
of land cover: forest, rough, arable and pasture. A method similar to that used for the 
topographical maps was employed: measures were obtained by extracting a square 
region of 2000 in side, centred on the site in question, then applying circular masks 
of varying size, from 100 to 1000 m radius in 100 m increments, and counting the 
number of pixels of each class within the remaining area (figure 3.9). In this manner 
it was possible to gain information about the area around each site in terms of both 
absolute measures and the relative change in the habitat as progressively greater 
regions were considered. 
Of the measures derived in this way, only the forest, rough, arable and pasture 
variables were analysed in the present study: the remaining values were the subject of 
a separate piece of work conducted by Arntzen et al. (unpub. data). 
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Figure 3.9. Application of masks of various sizes to the map layers, in order to 
obtain measures of coverage at different spatial scales. 
3.3 STATISTICAL METHODS 
Statistical analysis is held as one of the cornerstones of scientific research. A piece of 
work is often only regarded as being of any worth if its conclusions are supported by 
an array of statistical test results. In biology, these tests are almost exclusively of the 
'significance' type, whereby a value is attached to the probability of the observed 
data having arisen through chance alone. In order to deduce the significance value, 
the so-called 'null' hypothesis is tested, which usually states that the data have arisen 
through chance. If the 'p-value' generated by a significance test is small (and various 
disciplines have different notions of this), the null hypothesis is rejected in favour of 
the alternative hypothesis. 
The concept of attaching probabilities to the occurrence of events came about during 
the earliest efforts to understand the properties of games of chance. Given a number 
of important assumptions, predictions can be made concerning the outcome of future 
events. For example, the probability of throwing a six with a fair die is, intuitively, 
one in six, and a tossed coin will land tails up half of the time. These processes are 
explained in terms of a probability distribution: as the sample sized increases, so the 
observed outcome converges on the predicted probability. Two crucial properties of 
this method are immediately apparent: first that the entire set of hypotheses must be 
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available for testing, and second that the sample size of events will have a direct 
influence on the power of any test on these hypotheses (Rozeboom, 1960). 
If the example of coin tossing is examined in this light, it becomes clear that although 
we would rightly expect to see tails in half of the cases, there are other values that 
would be equally acceptable with any reasonable number of repetitions, and that the 
width of the interval of possible hypotheses simply narrows as the sample size 
increases. As Edwards (1982, p.xix) points out, there is no sense in attaching an exact 
probability to an event. In their most literal sense, statistical methods that confront 
data with opposing models attempt to achieve the impossible, i.e. to predict with 
complete accuracy the outcome of uncertain events in the future. From such a 
perspective, the attractions of this approach are rather less obvious to the scientist 
than to the gambler. 
3.3.1 An alternative approach 
Fisher (e.g. 1925, plO) defined and subsequently developed at length an alternative 
approach, diametrically opposed to the significance testing methodology. He 
suggested that given the data have already occurred, the best recourse is to test 
models against one another to establish how well they account for the observations, 
rather than confront the data with a limited series of models. The likelihood of an 
outcome can be determined as: 
"a quantity proportional to the probability that, from a population having a particular value of p, a 
sample having the observed value r should be obtained. So defined, probability and likelihood are 
quantities of an entirely different nature" (Fisher, 1921). 
This approach has many properties to recommend it, including the fact that it does 
not rule out the refinement of hypotheses or even their complete replacement in the 
light of further data. Thus as the data improve, so can the model: increasingly 
complex models can be fitted, and accepted or rejected on the basis of their relative 
likelihood. 
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3.3.2 The definition of likelihood 
Edwards (1982, p.7) states "the probability model, the set of statistical hypotheses 
and the data form a triplet which is the foundation of statistical inference". In 
traditional hypothesis testing methods, P(RIH) is the probability (P) of a particular 
result (R), given the hypothesis (H). The likelihood, L(HIR), of a hypothesis given 
the data, is proportional to P(RIH), with the constant of proportionality being 
arbitrary. Thus the traditional approach tests the validity of the data under a specified 
model (the hypothesis), whereas a likelihood approach tests the validity of a specified 
hypothesis, given that the data have already occurred. This fundamental distinction 
allows the user to escape one of the pitfalls of traditional significance testing 
methods, that of the distinction between discrete and continuous variables. There are 
strong logical objections to this distinction: in particular, that although there is 
arguably a difference between the two types, it is impossible to measure a continuous 
variable precisely, and values are limited to the accuracy of the method of 
measurement. The use of an arbitrary constant of proportionality allows the same 
definition of likelihood to be used for both discrete and continuous variables, because 
it is the comparison of the likelihoods of different hypotheses that is important. 
3.3.3 Applying likelihood 
Traditional null hypothesis testing methods are increasingly being replaced in both 
ecological and population genetics studies by likelihood and Bayesian methods 
(Hilborn & Mangel, 1997). Bayesian statistics are based on a likelihood approach but 
allow prior expectations to be assigned probabilistic 'weights'. These methods offer 
greater statistical power in studies where ecological experiments are either unplanned 
or unrepeatable (Carpenter, 1990). This is because they question how well a given 
model fits the observed data, rather than aiming to disprove a null hypothesis. In 
studies such as the current one in Bombina, the problem exists that any habitat 
variables selected are a sample from a potentially infinite set. It thus makes better 
sense to measure the improvement to a model given by the addition of a variable, 
rather than its absolute power in explaining the observed distribution of toad 
populations. 
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3.3.4 Calculating the likelihood 
The probability of observing data Y, given a particular parameter value p, is 
Pr{YIp} 	 (3.1) 
and the likelihood of the data, given the hypothesis, is proportional to this 
probability. The likelihood of parameter p,,, given the data Y, is 
4f(l1p,} =cPr{YIp} 	 (3.2) 
In general, we are interested in comparing alternative models with one another, and 
this is achieved by considering the ratio of the likelihoods. The value of the constant 
c in such cases is irrelevant and therefore we set c = 1. Because likelihoods can be 
very small numbers, the logarithm of the likelihood is used by convention: in fact, 
the negative of the logarithm of the likelihood is used so that the most likely value of 
the parameter gives the smallest negative log-likelihood: 
	
Ltdatathypothesis} = - log ('{dataIhypothesis}) 	(3.3) 
The likelihood of a set of independent observations is the product of the likelihoods 
of the individual observations. Because logarithms are additive, the negative log-
likelihoods add: 
L{Y1,Y2,Y31p}=L(Y1 1p}+L(Y21p}+LfY3 Ip} 	(3.4) 
3.3.5 Comparing models 
It is often desirable to test the likelihoods of increasingly complex models and to 
determine whether they offer a significantly improved fit to the observed data. This 
involves comparing two models (A & B), one of which (B) contains the same 
parameters as the other, plus one or more additional parameters. This second model 
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thus reduces to the first when these additional parameters are set to zero. Kendall & 
Stewart (1979; see Mangel & Hilborn, 1997, p153) demonstrated that 
= 2[L(YIM 4 ) - L()1M 8
)] 	 (3.5) 
has a chi-square distribution, with degrees of freedom equal to the number of 
additional parameters contained in model B. Because the right-hand side of the 
equation involves log-likelihoods, 	is the ratio of the logarithm of the likelihoods. 
3.3.6 Calculating the log-likelihood: a simple example 
Consider two samples with gene frequencies q and p at locations a and b (figure 
3.10). Two parameters are to be estimated, the centre of the'cline', y, and its width, 
w. The log-likelihood for a given model is 
LogL =
(l 	 • (1 + e")J 	
(3.6) 
where x   is the position of sample A and x   is the position of sample B. 
-c i Li' 
Figure 3.10. Samples located at A and B, with a cline' centre at y and a width of 
w. Both the centre and the width can vary. Competing hypotheses can be tested 
by holding one parameter constant and varying the other. 
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Figure 3.11. Negative log-likelihood values for the example data set given in 
figure 3.10. As the width increases, the curve becomes more shallow, and 
positions for the centre of the dine equidistant from the two samples give a better 
fit. 
Figure 3.11 shows how the log-likelihood varies for different hypotheses: each curve 
represents hypotheses in which the width, w, was fixed and the position of the centre, 
y, was varied. 
3.4 ANALYSING THE BOMBINA DATA 
Given the quantity and complexity of the data generated in this study, it is clear that 
its analysis is not a trivial matter: it is computationally intensive, and until relatively 
recently has been practically impossible for all but the simplest of cases. This is 
especially true of quantitative traits, and Szymura & Barton (1986), for example, 
state that "the calculations involved in finding the shape of a multi-locus dine are too 
hard for this to be practicable". However, methods do exist, and the procedure used 
to obtain estimates for the shape and position of the dine in ventral colour in 
Bombina is outlined below. 
The majority of the hybrid zone analysis reported here made use of the software 
package Analyse, written by Barton & Baird (1998), which can be obtained as 
citationware' from <www.ed.ac.uklhelios/>. The package is comprised of a data 
input interface, which can read either ASCII text or formatted files, a graphical user 
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interface for displaying mapped data, an analysis engine, and a means of saving 
results to file. Full details can be obtained from the web site, and extensive online 
help is also available, which includes example data sets and analyses. 
3.4.1 The Metropolis algorithm 
Analyse makes use of the algorithm devised by Metropolis et al. (1953), which uses 
the concept of a random walk over the likelihood surface (or n-dimensional space, 
where n is the number of fitted parameters) in an attempt to find the global optimum 
solution. The temperature' of the algorithm determines the size of the 'jump' the 
procedure can take in any one step: changes are accepted with higher probability at 
higher temperatures. Thus at a temperature of zero, the algorithm only accepts 
changes which increase the likelihood, whereas at high temperatures it is able to 
accept changes which reduce the likelihood. The probability of accepting a change is 
exp(+dogL/T), which can be written as (L,/L,)' /r . High temperatures allow the 
algorithm to escape to a different region of the likelihood surface, potentially to an 
area containing the global optimum. 
The random walk generated by the Metropolis algorithm has a density proportional 
to the likelihood raised to the power of lIT. Thus a temperature of T = 1 (i.e. where 
the density is equal to the likelihood) ensures that the entire likelihood surface is 
searched and the global optimum will be found. However, this is not usually 
practical, and a compromise solution must be used. Analyse makes use of the 
'simulated annealing' analogy (Kirkpatrick etal., 1983), by which atoms subjected to 
a process of gradual cooling become aligned in such a way as to minimize their 
entropy. High initial temperatures allow the algorithm to search the entire likelihood 
surface, gradual cooling ensures that the surface has been searched at an appropriate 
scale, and finally low temperatures allow the algorithm to 'climb' the best 'peak' 
found. 
The simulated annealing approach provides a means of finding the global optimum 
fit for a given model. Replicate 'runs' in Analyse were carried out with an initial 
temperature of 20 degrees, with 100 iterations at each step (i.e. 100 attempts to 
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accept a change and jump to another part of the likelihood surface). The temperature 
was reduced one degree at a time until it reached zero: at this point, only uphill 
changes were accepted. When no further improvements to the fit could be made (to 
three decimal places of log-likelihood), the procedure was halted. Each run produced 
a log-likelihood value that is the ratio between the log-likelihood of the fitted model 
and that expected from a perfect fit. These values are approximately distributed as 
x where v = number of sites - degrees of freedom, equal to the number of 
parameters being estimated. Support limits, analogous to a confidence interval, can 
be constructed by making use of the distribution of log-likelihood values. Edwards 
(1982) suggests that those values within two log likelihood units of the maximum 
can be considered to be within the support limits, which are analogous to the 95% 
confidence interval. The support limits are therefore the range of parameter values 
given by this interval. 
3.4.2 Two dimensional analyses 
The spatial distribution of breeding sites at both Peáenica and Crna Mlaka suggests 
that a good starting point in the analysis is to attempt to find the centre of the dine in 
two dimensions, in other words, finding the location of the dine as it appears on the 
ground. The dine can be approximated as a number of short straight segments, which 
reduces the computing power required to find its location. The number of segments 
used is determined by a tradeoff between the accuracy of the approximation and the 
computing power required. One benefit of this approach is that it avoids the trivial 
solution given by using an infinite number of segments: this model would provide a 
perfect fit to the data as the dine centre would be fitted around every data point. 
Earlier studies indicated that a dine constructed of around six segments gives a good 
approximation. Sites are assigned to the nearest segment, and initial values for 
several parameters are specified (table 3.2). There is always a problem with the 
assignment of sites equidistant from two segments: this problem becomes more 
pronounced when allowing the angle of each segment to vary (figure 3.12). 
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Figure 3.12. Fitting a model to the two dimensional data. Each site is assigned to 
its nearest segment, measured by its perpendicular distance from all segments. 
The distance of a site from its nearest segment is denoted by R. Some sites are 
difficult to assign (e.g. the site circled in red). The angle between segments is 
expressed in radians. Pies represent mean population scores. 
With Analyse, one end of the dine is 'tethered', meaning that the number of 
segments is equal to the number of angles between them: it is important to ensure 
that ends of the fitted dine are far enough outside the sampling region to minimise 
the error generated by not allowing the first segment to move freely. Conversely, if 
the anchor point is too far outside the sampling region, the fitting procedure often 
produces strange results, with the dine snaking around before entering the sampling 
region. It is usually sufficient to allow for one segment before the sampling region, 
and it is of course necessary to ensure that the segment length or number of segments 
is sufficient to extend through to the other side of the region (figure 3.13) 
Figure 3.13. Segment length and/or number of segments must be sufficient to 
extend either side of the sampling region. It is best to allow one complete 
segment outside this area at the tethered end of the dine (represented by the open 
circle). Pies represent mean population scores. 
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Model fitting proceeds by a two stage process. In the 'warm-up' phase, an 
approximate fit is found: the algorithm is at a higher temperature, which allows it to 
inspect the entire likelihood surface. In the cooling period, the temperature is brought 
down to zero and the algorithm begins to move uphill from the best fit found thus far. 
Results are verified by repeating this process a number of times to ensure that the 
global optimum solution has not been missed. The number of repetitions required 
increases as the sample size and variation within parameters decrease, because the 
likelihood 'surface' will have less well-defined optima. 
Fitting a two dimensional model allows for the hypothesized position of the dine 
centre to be checked easily. It is also easy to spot unfeasible fits: sometimes the 
algorithm can get 'stuck' on a local peak, which gives a fit bearing little biological 
plausibility. However, fitting two-dimensional models is computationally 
demanding, and requires a large sample. An alternative method is to collapse the data 
onto a single dimension as described below. 
Parameter Typical Value 
Number of Segments 6 
Segment Length 4000 m 
Width 4000 m 
Barrier strength (Bb) 0.05 
Barrier strength (By) 0.05 
Rate of decay (Bb) 100 m 
Rate of decay (By) 100 m 
Initial Temperature 20 
Number of tries 10000 
Table 3.2. The parameters used by Analyse during 2-dimensional fits with the 
Metropolis algorithm, showing typical initial values used during the Pec5enica 
analysis. Abbreviations; Bb (Bombina bombina), By (B. variegata). 
3.4.3 Collapsing the data onto a single transect 
A line transect is a series of data points that lie along the same plane. Biologists often 
collect this type of data; a typical example is the study of vegetation types along an 
environmental gradient, such as the littoral zone. Although survey data are often 
scattered over a wide, two-dimensional area, it can still be pertinent to ask questions 
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about the way the data change along a particular plane. In such cases, it is desirable 
to 'collapse' the data onto a line, whilst retaining information about the spread of the 
data about that line. In Analyse, this is achieved by plotting data points in two 
dimensions, then specifying a transect along which the data should be collapsed. Two 
variables result: the position of each site along the line, and their distance from the 
line (i.e. residual values), which can be used to explain deviations from predicted 
values (figure 3.14). The data can be collapsed onto a transect constructed of several 
short straight segments: each site is assigned to its nearest segment measured by its 
perpendicular distance from it (figure 3.12). 
There are a number of advantages in analysing the data in this way. First, it helps to 
simplify the system: having to take into account the shape and position of the dine in 
space is not always desirable, as sometimes local effects cause variation that is not 
relevant to the general questions being asked and often obscures the more subtle 
results. It greatly reduces the likelihood surface over which the Metropolis algorithm 
must search, and this in turn reduces the possibility of generating a 'false' result by 
finding only a local optimum. 
01, 
Figure 3.14. Collapsing spatial data onto a single dimension. The line of the 
transect is shown in black. Shortest distances from the transect are shown by the 
broken lines, with red lines denoting sites from one side of the transect and black 
lines denoting sites from the other. Pies represent mean population scores. 
A combination of one and two-dimensional methods were used throughout this 
study, depending on the nature of the question being asked and the suitability of the 
data. In particular, there were insufficient data to allow a full two-dimensional 
analysis for the Crna Mlaka region, and for this reason a line transect approach was 
adopted. The individual details for each stage of the analysis are given in the 
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following chapters, the next of which compares the dine for allomorphic enzymes 
with that for ventral colouration within the Peóenica transect. 
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4. COMPARING SINGLE- AND MULTI-LOCUS TRAITS 
4.1 INTRODUCTION 
THE AIMS of this chapter are to compare the dine for the allomorphic enzymes 
studied previously with the dine for the 'spot score' quantitative trait. Both one- and 
two-dimensional analyses are discussed. Two-dimensional analyses allow the spatial 
location of the dine to be examined, making it easier to visualise in relation to its 
association with habitat or other spatial parameters. One-dimensional analyses allow 
the data to be treated as a line transect, thus simplifying the dine fitting procedure. It 
is also more straightforward to make comparisons between dines when they are 
treated in this manner, as there are fewer variables involved. The relative merits of 
different fitting procedures are also discussed. 
4.2 DATA COLLECTION 
Sampling at Peéenica took place between 1989 and 1996, with the majority 
occurring in the first four year period. The study region and sampling method is 
described in chapter 3, and also by MacCallum (1994) and Kruuk (1997). A total of 
2361 toads were caught at a 184 sites, of which 2065 toads from 116 sites were used 
in this analysis. The reasons for reducing the data set are as follows: 
• Some toads were recaptured and were counted twice in the initial survey, but 
were later identified as recaptures. Information regarding these individuals was 
thus restricted to a single occurrence within the data set. 
Only sites where more than one toad was caught have been included in the 
analysis. This is because the variance in the value of the observed trait was of 
importance, and cannot be estimated from a single observation. Previous studies 
have grouped such sites with others nearby so that the data could be used: 
however, as the analyses in later chapters demanded information regarding the 
actual sites themselves, it was decided that this would not be an appropriate 
course of action, especially with regard to the analyses of habitat variables. 
• As a result of the protracted survey period, and the wide range of measured 
variables that were used in subsequent analyses, not all the data had been 
recorded for each individual. For example, only a subset were subjected to 
enzyme electrophoresis, some sites were impossible to locate with sufficient 
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accuracy on either the satellite image or the topographical maps (see later 
chapters), and still others were found to have conflicting records concerning their 
origin. 
Rather than generating specific 'clean' data sets for each separate analysis, the 
decision was made to produce a single data set on which all analyses were 
performed: in this way it was possible to compare and contrast results, knowing that 
they arose from the same data. This decision could be justified by the size of the 
original data set, which yielded a sufficiently large sample even after all the 
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Figure 4. ].The distribution of individuals caught. Most sites yielded a small 
sample, with a few yielding much larger samples for a similar sampling effort. 
There was a considerable amount of variation in the number of toads caught at each 
site, ranging from 2 to 58, with mean 11.3, median 6 and a modal value of 3. As 
shown in figure 4. 1, capture rates were highly leptokurtic: most sites were small and 
contained only a few toads, but occasionally sites were discovered which contained 
large numbers of individuals. 
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Site X V N p q Spot Var 
1001 5591260 5052660 61 0.701 0.299 0.510 0.040 
1002 5590700 5053665 37 0.700 0.300 0.580 0.028 
1003 5590775 5053590 58 0.728 0.272 0.569 0.033 
1004 5593680 5054675 3 0.444 0.556 0.317 0.056 
1011 5594230 5056215 41 0.381 0.619 0.448 0.064 
1013 5595000 5056650 10 0.094 0.906 0.265 0.023 
1014 5596210 5056140 12 0.023 0.977 0.195 0.051 
1015 5591050 5052735 11 0.844 0.156 0.564 0.025 
1016 5593800 5056555 4 0.042 0.958 0.288 0.121 
1019 5595440 5056285 8 0.200 0.800 0.367 0.114 
1021 5590700 5054735 23 0.719 0.281 0.500 0.031 
1028 5582110 5040560 14 0.979 0.021 0.668 0.019 
1029 5582110 5040560 46 0.983 0.017 0.685 0.028 
1033 5597290 5051050 15 0.067 0.933 0.138 0.008 
1035 5596170 5050915 34 0.083 0.917 0.218 0.026 
1036 5596190 5050915 2 0.063 0.938 0.100 0.000 
1037 5592860 5056125 2 0.000 1.000 0.075 0.001 
1038 5592500 5055655 3 0.375 0.625 0.300 0.070 
1039 5599540 5056815 89 0.063 0.938 0.168 0.017 
1040 5598100 5056675 68 0.071 0.929 0.135 0.010 
1042 5596120 5050955 10 0.058 0.942 0.280 0.040 
1043 5596500 5051210 28 0.130 0.870 0.246 0.029 
1044 5595960 5052015 24 0.228 0.772 0.285 0.048 
1045 5595640 5052125 10 0.088 0.913 0.170 0.010 
1046 5595690 5052125 5 0.458 0.542 0.600 0.105 
1047 5595175 5052115 4 0.438 0.563 0.388 0.037 
1049 5594025 5054135 6 0.650 0.350 0.467 0.071 
1050 5601140 5063215 18 0.042 0.958 0.233 0.022 
1051 5601385 5063265 3 0.063 0.938 0.183 0.001 
1052 5602100 5055775 56 0.060 0.940 0.179 0.015 
1054 5594375 5051635 38 0.547 0.453 0.543 0.049 
1055 5594550 5051370 61 0.126 0.874 0.214 0.029 
1056 5594400 5051565 39 0.239 0.761 0.376 0.049 
1057 5595730 5056100 4 0.000 1.000 0.175 0.009 
1059 5592510 5052965 3 0.708 0.292 0.500 0.090 
1061 5596345 5051165 2 0.188 0.813 0.250 0.045 
1063 5594830 5051110 38 0.301 0.699 0.289 0.032 
1064 5594740 5051395 45 0.233 0.767 0.347 0.059 
1066 5598300 5048300 13 0.219 0.781 0.285 0.023 
1067 5591260 5052660 3 0.583 0.417 0.383 0.076 
1069 5594990 5049985 5 0.150 0.850 0.260 0.013 
1070 5593640 5047290 9 0.819 0.181 0.489 0.039 
Table 4.1. 
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Site X Y N p q Spot Var 
1 071 5593630 5047580 5 0.900 0.100 0.670 0.035 
1072 5592105 5049710 7 0.875 0.125 0.836 0.011 
1073 5593610 5047840 22 0.875 0.125 0.702 0.020 
1074 5591610 5047855 45 0.862 0.138 0.708 0.022 
1075 5591760 5052085 2 0.875 0.125 0.525 0.001 
1076 5591350 5050545 7 0.958 0.042 0.764 0.046 
1077 5591450 5050485 3 0.889 0.111 0.867 0.023 
1078 5593630 5047640 4 0.781 0.219 0.725 0.029 
1079 5592005 5049935 2 0.833 0.167 0.725 0.061 
1081 5598300 5048275 4 0.125 0.875 0.200 0.020 
1082 5597430 5048555 4 0.250 0.750 0.225 0.036 
1084 5594445 5048755 3 0.250 0.750 0.700 0.030 
1085 5594395 5048755 3 0.417 0.583 0.600 0.010 
1087 5593610 5047860 5 0.825 0.175 0.720 0.067 
1091 5591125 5050105 4 0.938 0.063 0.713 0.061 
1097 5589320 5049235 6 0.854 0.146 0.642 0.024 
1099 5589710 5050885 56 0.790 0.210 0.658 0.021 
1100 5589550 5052745 10 0.833 0.167 0.690 0.060 
1103 5593985 5057475 33 0.125 0.875 0.308 0.076 
1104 5594435 5057785 40 0.202 0.798 0.251 0.039 
1105 5594335 5057850 6 0.167 0.833 0.417 0.123 
1110 5594635 5056475 18 0.577 0.423 0.519 0.093 
1112 5582300 5042225 15 0.854 0.146 0.713 0.028 
1113 5593370 5055600 20 0.695 0.305 0.543 0.048 
2012 5594635 5056475 5 0.688 0.313 0.370 0.073 
2115 5595965 5051960 7 0.089 0.911 0.143 0.033 
2116 5597630 5057770 8 0.115 0.885 0.186 0.036 
2117 5594530 5057725 4 0.146 0.854 0.188 0.044 
2118 5591780 5047980 22 1.000 0.000 0.641 0.020 
2119 5599600 5049125 7 0.071 0.929 0.229 0.022 
2120 5599650 5049100 22 0.104 0.896 0.271 0.029 
2121 5598930 5049015 17 0.021 0.979 0.206 0.022 
2122 5586210 5049915 12 0.938 0.063 0.663 0.023 
2124 5586210 5049915 12 0.813 0.188 0.650 0.015 
2126 5586210 5049915 15 0.828 0.172 0.603 0.045 
2127 5586210 5049915 15 0.969 0.031 0.620 0.021 
2132 5586440 5050195 7 0.938 0.063 0.650 0.010 
2133 5586440 5050195 22 0.911 0.089 0.652 0.022 
2134 5586440 5050195 14 0.893 0.107 0.636 0.022 
2135 5598900 5049055 11 0.091 0.909 0.182 0.010 
2136 5586440 5050195 6 0.903 0.097 0.767 0.018 
2138 5585935 5049715 41 0.938 0.063 0.669 0.012 
2140 5585935 5049715 5 0.719 0.281 0.660 0.004 
Table 4.1. cont'd. 
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Site X V N p q Spot Var 
2141 5585935 5049715 7 0.854 0.146 0.714 0.019 
2142 5598175 5053050 3 0.167 0.833 0.300 0.093 
2143 5597440 5054415 47 0.122 0.878 0.199 0.019 
2145 5597010 5053975 6 0.208 0.792 0.308 0.088 
2146 5594620 5053400 7 0.792 0.208 0.529 0.015 
2147 5594160 5052445 10 0.458 0.542 0.445 0.108 
2148 5597250 5052915 4 0.125 0.875 0.100 0.002 
2150 5592070 5052785 9 0.406 0.594 0.378 0.054 
2151 5594755 5050550 9 0.097 0.903 0.272 0.034 
2152 5597350 5054445 55 0.076 0.924 0.127 0.005 
2153 5598220 5041765 3 0.250 0.750 0.183 0.011 
2154 5595210 5043475 14 0.756 0.244 0.496 0.041 
2155 5594830 5043795 3 0.792 0.208 0.733 0.013 
2157 5595880 5044575 3 0.125 0.875 0.083 0.001 
2159 5596480 5044595 17 0.134 0.866 0.144 0.024 
2163 5588640 5045505 9 0.893 0.107 0.739 0.009 
2164 5587515 5044885 5 1.000 0.000 0.750 0.010 
2165 5587450 5045285 35 0.931 0.069 0.669 0.025 
2166 5600645 5043490 51 0.073 0.927 0.258 0.033 
2167 5601220 5043715 4 0.031 0.969 0.238 0.002 
4180 5590600 5054050 14 0.750 0.250 0.521 0.031 
4183 5594825 5057435 15 0.304 0.696 0.323 0.064 
4185 5594500 5051535 81 0.167 0.833 0.209 0.032 
4187 5596250 5053585 11 0.519 0.481 0.468 0.067 
4189 5595650 5051475 2 0.188 0.813 0.275 0.031 
4195 5594625 5051000 18 0.340 0.660 0.244 0.033 
4196 5590475 5056935 12 0.643 0.357 0.571 0.031 
4199 5592300 5051825 23 0.656 0.344 0.464 0.035 
5205 5594500 5057975 21 0.023 0.977 0.175 0.023 
5208 5601970 5055895 19 0.021 0.979 0.147 0.007 
5209 5588000 5046400 7 0.476 0.524 0.664 0.016 
Table 4.1. Summary of the data used in this analysis. The site code is the same as 
in MacCallum (1994), X and Y are the grid reference, N is the number of toads 
sampled, p and q are the mean enzyme values (where q = 1 - p), Spot is the 
mean spot score and Var is the observed variance in spot scores. 
In MacCallum's original (1994) analysis of the enzyme data, four enzymes were 
found to be diagnostic for both parental taxa, namely adenylate kinase (AK), malate 
dehydrogenase (MDh), lactate dehydrogenase (LDh) and isocitrate dehydrogenase 
(IDh). The hybrid index for a population was the mean value of the sum of enzyme 
scores for each individual, scaled to range from zero to 1. Figure 4.2 shows 
frequency distributions for each of the four enzymes as well as two others, glucose 
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phosphate isomerase (GPI) and creatine kinase (CK) that were excluded on the 
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Figure 4.2. Frequency distributions for the allomorphic enzymes; AK (adenylate 
kinase), MIDH (malate dehydrogenase), LDH (lactate dehydrogenase), IDH 
(isocitrate dehydrogenase), GPI (glucose phosphate isomerase) and CK (creatme 
kinase) used by MacCallum (1994). GPI and CK were not sufficiently diagnostic 
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This is clearly shown in the plots: diagnostic enzymes display a bimodal distribution, 
whereas GPI and CK frequencies are skewed towards the B. bombina side of the 
hybrid zone. Mean spot score values were obtained for each population by including 
only those individuals for whom there was a corresponding enzyme score. In this 
manner it was possible to ensure that mean population scores were directly 
comparable, being composed of the same set of individuals. 
4.3 COMPARING THE DATA 
The frequency distributions for the mean enzyme values and mean spot scores show 
a broadly similar, approximately bimodal appearance (figure 4.3). In both cases there 
are relatively few data in the central range, indicating a paucity of hybrids. It is not 
clear from these observations alone why this might be: possible reasons include 
selection against hybrids, non-random mating within the hybrid zone, a lack of 
suitable breeding habitat, or simply sampling bias. The previous studies by Szymura 
& Barton (1986, 1991) found there to be random mating across two Polish transects 
(i.e. no detectable deviation from Hardy-Weinberg equilibrium) and both indirect and 
inferred evidence of strong selection against hybrids. This contrasts with the results 
of MacCallum's (1994) analysis, which found good evidence for non-random mating 
across the hybrid zone, mediated by a genotypically determined active behavioural 
preference for breeding site habitat type. 
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Figure 4.3. Frequency distributions for the trait measures used in the analysis of 
the Peéenica hybrid zone. Note that in both cases there are relatively few data in 
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The fall-off at either extreme of the spot score range is probably due to the nature of 
the scoring method: populations with a very low or very high mean spot score are 
rare because all individuals in such populations must have similarly extreme scores. 
The scale can thus be thought of as effectively ranging from 0.1 to 0.9. 
Plotting the mean enzyme score against mean spot score for the Peéenica sample 
indicates a strong correlation between the two (figure 4.4). The range of spot scores 
is noticeably narrower than that of the enzyme data, as mentioned earlier, but it 
would appear that the only effect of this is to contract the range, without changing its 
response rate (the linear relationship implies that a given enzyme score maps onto a 
given spot score). 
1 
Figure 4.4. Population mean enzyme score plotted against population mean spot 
score for the Pe5enica data. The correlation coefficient is 0.918. 
The observed variance shows that populations with mean scores closer to the centre 
of the range have a tendency towards greater variability (figure 4.5). This is partially 
expected because both scoring systems have upper and lower limits, so for a 
population to have an extreme mean value it must also have a low variance. An 
alternative explanation is biologically more interesting: the increased variance in the 
centre of the hybrid zone might imply that hybrid populations tend to be more 
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variable. This could indicate selection against hybrids: the limiting effects of linkage 
disequilibria on the number of allelic combinations found and a continual influx of 
parental genotypes from either side of the hybrid zone would both act to increase the 
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Figure 4.5. Variance in population mean trait values (enzyme and spot score) 
increases towards the centre of the trait range. 
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4.4 A TWO-DIMENSIONAL ANALYSIS 
A one-dimensional transect requires a variable along which to plot trait values, and in 
the case of the Peéenica hybrid zone, it is clear that the dine does not follow a 
straight path. This makes it difficult to establish the line along which to collapse the 
data onto a single dimension, so it is necessary to first analyse the data in two 
dimensions. This can be done by fitting the dine as a number of short, straight 
segments. The more segments fitted, the closer the approximation to a smooth curve. 
The simplest approximation is to fit a single segment, which is essentially the same 
as collapsing the data onto a single dimension, although it is likely to provide a poor 
approximation. Higher numbers of segments also increase the amount of computing 
time required to find the optimum parameter set, and the number of degrees of 
freedom also decreases with each additional segment and connecting angle. 
The first stage in the analysis was to find the most likely course of the dine centre 
and the optimum number of segments required to describe it. The combined length of 
segments was set to 24 km, and the starting point was always fixed at the coordinates 
(5596000, 5040000). Preliminary trials indicated that these were suitable values to 
use for the dine fitting procedure. A series of ten trials each were carried out for 2, 3, 
4, 6 and 8 segments, with corresponding lengths of 12, 8, 6, 4 and 3 km respectively. 
Using a simulated annealing approach, with the initial temperature of the algorithm 
set to 20 degrees, reducing the temperature slowly and allowing 50 tries at each 
temperature, the best fits for each model were obtained. The results are shown in 
table 4.2. 
The angle between each segment can be fitted in such a way as to further smooth the 
shape of the dine. Rather than each segment being composed of a single straight line, 
it can be subdivided with the angle being similarly split between the number of 
subdivisions. For the dine fitting trials carried out here, a 'smoothing factor' of two 
was used. This means that each segment was represented by two shorter ones, the 
sum of the angles between each one being equal to the total angle between 
neighbouring segments. This method has the advantage of leaving the degrees of 
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freedom unaffected, whereas doubling the number of segments would have reduced 




length (km) LogL (enzymes) LogL (spots) 
2 12 -92.4560 -313.2032 
3 8 -76.6748 -302.0273 
4 6 -72.6007 -293.9521 
6 4 -68.4614 -267.7890 
8 3 -63.8209 -256.6587 
Table 4.2. Results of dine fitting procedure to establish the most appropriate 
number of segments. Each model was subjected to ten trials, and the results of 
the best fit found in each case are shown here. The models selected for further 
analysis are shown in bold. Note that although the 8-segment model provides a 
better fit for the spot score trait, the course of the dine did not appear to be 
plausible; hence the best fit for the 6-segment model was used instead. 
For each data set (i.e. enzymes and spot scores), the best fit obtained in this 
procedure was used to find the maximum likelihood scores for each parameter fitted. 
Setting the temperature of the Metropolis algorithm to T = 1 and carrying out a large 
number of iterations (10 000) generates a probability density equal to the likelihood. 
Support limits can be obtained by allowing the parameter of interest to vary whilst 
fixing the others: 95% support limits are found 2 units of log likelihood below the 
maximum. 
4.4.1 Enzyme data 
The most likely position of the dine for the enzyme data is shown in figure 4.6, and 
results for each site are given in table 4.3. Values for the widths and angles (in 
radians) of the dine segments are given in table 4.4. 
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Figure 4.6. The position of the enzyme dine in two dimensions. The dark line 
indicates the most likely position of the centre of the dine and the lighter lines 
show its width. Sites with red circles indicate cases where the expected gene 
frequency differed significantly from the observed frequency. 
Site Ne P R (m) Log Likelihood 
1001 61 0.701 	0.684 2138.98 -0.041 
1002 37 0.700 0.666 1919.01 -0.095 
1003 58 0.728 	0.663 1882.77 -0.563 
1004 3 0.444 0.503 21.58 -0.020 
1011 41 0.381 	0.316 -1515.20 -0.389 
1013 10 0.094 0.245 -2182.60 -0.750 
1014 12 0.023 	0.201 -2674.31 -1.763 
1015 11 0.844 0.689 2205.25 -0.699 
1016 4 0.042 	0.295 -2051.74 -0.849 
1019 8 0.200 0.247 -2111.68 -0.050 
1021 23 0.719 	0.656 1785.57 -0.210 
1028 14 0.979 0.971 12840.82 -0.017 
1029 46 0.983 	0.971 12840.82 -0.133 
1033 15 0.067 0.107 -5896.18 -0.143 
1035 34 0.083 	0.137 -5111.76 -0.468 
1036 2 0.063 0.136 -5126.29 -0.056 
1037 2 0.000 	0.349 -1675.75 -0.858 
1038 3 0.375 0.430 -354.40 -0.019 
Table 4.3. 
4. COMPARING SINGLE- AND MULTI-Locus TPffs 
Site Ne P0 , 	 P 9 R (m) Log Likelihood 
1039 89 0.063 	0.063 -7471.07 -0.001 
1040 68 0.071 0.101 -6070.48 -0.370 
1042 10 0.058 	0.140 -5047.95 -0.340 
1043 28 0.130 0.134 -5167.25 -0.003 
1044 24 0.228 	0.178 -4253.30 -0.196 
1045 10 0.088 0.195 -3928.51 -0.445 
1046 5 0.458 	0.193 -3969.10 -0.902 
1047 4 0.438 0.335 -170.52 -0.090 
1049 6 0.650 	0.578 632.52 -0.065 
1050 18 0.042 0.012 -12349.48 -0.429 
1051 3 0.063 	0.011 -12558.03 -0.180 
1052 56 0.060 0.029 -9733.73 -0.743 
1054 38 0.547 	0.516 3.54 -0.071 
1055 61 0.126 0.208 -3706.74 -1.391 
1056 39 0.239 	0.232 -57.80 -0.006 
1057 4 0.000 0.239 -1846.77 -1.090 
1059 3 0.708 	0.629 1466.87 -0.042 
1061 2 0.188 0.138 -5075.81 -0.019 
1063 38 0.301 	0.187 -4080.23 -1.428 
1064 45 0.233 0.203 -3797.10 -0.123 
1066 13 0.219 	0.101 -7979.44 -0.778 
1067 3 0.583 0.684 2138.98 -0.067 
1069 5 0.150 	0.137 -5115.70 -0.004 
1070 9 0.819 0.851 6362.44 -0.035 
1071 5 0.900 	0.861 6648.54 -0.034 
1072 7 0.875 0.846 4734.29 -0.023 
1073 22 0.875 	0.869 6907.45 -0.003 
1074 45 0.862 0.889 7565.74 -0.150 
1075 2 0.875 	0.707 2448.06 -0.160 
1076 7 0.958 0.811 4041.29 -0.679 
1077 3 0.889 	0.813 4073.08 -0.065 
1078 4 0.781 0.863 6707.37 -0.099 
1079 2 0.833 	0.836 4518.91 0.000 
1081 4 0.125 0.101 -7956.77 -0.012 
1082 4 0.250 	0.103 -7895.58 -0.351 
1084 3 0.250 0.394 -28.21 -0.139 
1085 3 0.417 	0.523 5.90 -0.068 
1087 5 0.825 0.870 6927.08 -0.041 
1091 4 0.938 	0.836 4527.16 -0.187 
1097 6 0.854 0.899 6070.82 -0.060 
1099 56 0.790 	0.834 4487.08 -0.368 
1100 10 0.833 0.771 3362.71 -0.120 
1103 33 0.125 	0.227 -3404.86 -1.112 
Table 4.3. cont'd. 
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Site Ne rob, 	P mp R (m) Log Likelihood 
1104 40 0.202 0.197 -3892.55 -0.003 
1105 6 0.167 	0.197 -3899.62 -0.018 
1110 18 0.577 0.276 -1864.94 -3.563 
1112 15 0.854 	0.970 12694.39 -1.844 
1113 20 0.695 0.606 49.41 -0.346 
2012 5 0.688 	0.276 -1864.94 -1.823 
2115 7 0.089 0.176 -4288.87 -0.213 
2116 8 0.115 	0.098 -6154.92 -0.012 
2117 4 0.146 0.197 -3890.68 -0.036 
2118 22 1.000 	0.890 7605.96 2.571* 
2119 7 0.071 0.072 -9312.26 0.000 
2120 22 0.104 	0.072 -9315.80 -0.152 
2121 17 0.021 0.080 -8897.32 -0.561 
2122 12 0.938 	0.942 7710.42 -0.002 
2124 12 0.813 0.942 7710.42 -1.184 
2126 15 0.828 	0.942 7710.42 -1.185 
2127 15 0.969 0.942 7710.42 -0.121 
2132 7 0.938 	0.934 7360.58 -0.001 
2133 22 0.911 0.934 7360.58 -0.089 
2134 14 0.893 	0.934 7360.58 -0.165 
2135 11 0.091 0.080 -8919.74 -0.009 
2136 6 0.903 	0.934 7360.58 -0.042 
2138 41 0.938 0.948 8050.45 -0.042 
2140 5 0.719 	0.948 8050.45 -1.377 
2141 7 0.854 0.948 8050.45 -0.428 
2142 3 0.167 	0.107 -5879.98 -0.048 
2143 47 0.122 0.142 -4980.53 -0.087 
2145 6 0.208 	0.231 -784.91 -0.009 
2146 7 0.792 0.684 1627.25 -0.203 
2147 10 0.458 	0.280 -2614.56 -0.713 
2148 4 0.125 0.141 -5024.65 -0.004 
2150 9 0.406 	0.648 1691.46 -1.085 
2151 9 0.097 0.165 -4509.04 -0.169 
2152 55 0.076 	0.146 -4890.52 -1.274 
2153 3 0.250 0.297 -2884.44 -0.016 
2154 14 0.756 	0.661 268.46 -0.299 
2155 3 0.792 0.679 2735.25 -0.094 
2157 3 0.125 	0.269 -3636.33 -0.185 
2159 17 0.134 0.258 -3853.65 -0.781 
2163 9 0.893 	0.892 7709.92 0.000 
2164 5 1.000 0.908 8352.29 -0.481 
2165 35 0.931 	0.914 8599.35 -0.067 
2166 51 0.073 0.154 -6199.26 -1.544 
Table 4.3. cont'd 
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Site Ne P, 	P MP R (m) Log Likelihood 
2167 4 0.031 	0.133 -6816.47 -0.250 
4180 14 0.750 0.665 1898.13 -0.241 
4183 15 0.304 	0.201 -3823.56 -0.439 
4185 81 0.167 0.218 -3542.66 -0.669 
4187 11 0.519 	0.424 -183.33 -0.198 
4189 2 0.188 0.173 -4349.39 -0.002 
4195 18 0.340 	0.188 -4057.23 -1.165 
4196 12 0.643 0.760 3195.04 -0.411 
4199 23 0.656 	0.719 2610.88 -0.217 
5205 21 0.023 0.186 -4089.45 2.723* 
5208 19 0.021 	0.030 -9622.52 -0.032 
5209 7 0.476 0.917 8756.24 -4.583' 
Table 4.3. Observed (P0bs) and expected (P) values for the enzyme data set and 
the distance of each site (R, in metres) from the centre of the dine. * indicates 
sites for which the expected gene frequency differed significantly from the 
observed frequency. Ne denotes the effective population size. 
The fitted dine displays the characteristic 'bulge' reported in MacCallum's (1994) 
analysis. The widths of the first and last segments should be treated with caution, as 
the former is constrained by the anchor point, and the latter has no further segment to 
constrain its width at the far end. Similarly, the angle of the final segment is not 
constrained by an adjoining segment, and is probably spurious. 
Segment Width Min Max Angle Min Max 
1 9.54 0.28 20.72 1.97 1.84 2.21 
2 4.98 1.81 16.41 -1.02 -1.38 -0.83 
3 0.04 0.00 9.31 1.04 0.69 1.21 
4 3.47 0.05 8.10 0.27 0.12 0.72 
5 0.03 0.01 5.15 -1.39 -1.88 -0.42 
6 1.06 0.06 7.06 0.66 -0.41 1.24 
7 2.94 0.56 7.49 2.09 1.68 2.77 
8 11.55 9.02 13.71 -2.85 -3.14 -1.81 
Table 4.4. Values and limits for segment widths and angles for the most likely 
clime fitted from the enzyme data. Parameters were obtained from 10000 
replicates of the Metropolis algorithm with the temperature set to T = 1, 
generating a probability density equal to the likelihood. Maximum and minimum 
values were obtained two units of log likelihood below the maximum log 
likelihood. 
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4.4.2 Spot score data 
The most likely position of the dine for the spot score data in two dimensions is 
shown in figure 4.7, and results for each site are given in table 4.5. Values for the 








Figure 4.7. The position of the spot score dine in two dimensions. The dark line 
indicates the most likely position of the centre of the dine and the lighter lines 
show its width. Sites with red circles indicate cases where the expected mean spot 
score differed significantly from the observed mean spot score. 
There are many more sites in this analysis for which the expected population mean 
spot score differed significantly from the observed population mean spot score 
(shown by red circles around sites in figure 4.7, and by asterisks next to the 
likelihood values in table 4.5). However, in almost all cases these sites consist of 
small numbers of sampled toads: sites with samples of less than 5 individuals (i.e. a 
total of 28 sites) contribute 79.881 units of log likelihood to the most likely fit. The 
fitting procedure for a quantitative trait requires that the variance of the spot score 
sample for each site is known: because this is difficult to assess for smaller samples, 
an estimated variance was used, taken from the line fitted in figure 4.5. 
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Site N SpOtOb Spot-1, R (m) LogLikelihood 
1001 61 0.510 0.589 810.44 -3.956' 
1002 37 0.580 0.551 644.59 -0.372 
1003 58 0.569 0.551 627.24 -0.218 
1004 3 0.317 0.313 -2787.86 0.000 
1011 41 0.448 0.269 -5387.14 -12.924' 
1013 10 0.265 0.239 -6239.50 -0.090 
1014 12 0.195 0.204 -7319.31 -0.018 
1015 11 0.564 0.595 952.78 -0.122 
1016 4 0.288 0.281 -5061.10 -0.002 
1019 8 0.367 0.227 -6585.65 -1.596 
1021 23 0.500 0.487 -197.75 -0.040 
1028 14 0.668 0.698 16332.95 -0.237 
1029 46 0.685 0.698 16332.95 -0.176 
1033 15 0.138 0.160 -9213.85 -0.279 
1035 34 0.218 0.183 -2605.09 -0.691 
1036 2 0.100 0.182 -2621.54 -3.274' 
1037 2 0.075 0.328 -2822.66 -51.240' 
1038 3 0.300 0.363 -1989.95 -0.141 
1039 89 0.168 0.159 -10714.50 -0.189 
1040 68 0.135 0.160 -9271.95 -1.810 
1042 10 0.280 0.185 -2587.60 -1.130 
1043 28 0.246 0.173 -8434.35 -2.164' 
1044 24 0.285 0.196 -7603.57 -2.353' 
1045 10 0.170 0.206 -7266.21 -0.318 
1046 5 0.600 0.204 -7312.09 -10.000' 
1047 4 0.388 0.219 -6846.53 -1.143 
1049 6 0.467 0.292 -3143.67 -1.819 
1050 18 0.233 0.156 -14665.19 -1.640 
1051 3 0.183 0.156 -14896.63 -0.050 
1052 56 0.179 0.157 -13145.06 -0.591 
1054 38 0.543 0.690 6373.30 -8.929' 
1055 61 0.214 0.250 -1717.96 -1.362 
1056 39 0.376 0.240 -1735.84 -7.349' 
1057 4 0.175 0.219 -6838.92 -0.182 
1059 3 0.500 0.434 -457.52 -0.135 
1061 2 0.250 0.176 -8317.16 -0.154 
1063 38 0.289 0.258 -1765.04 -0.468 
1064 45 0.347 0.236 -1903.46 -5.855' 
1066 13 0.285 0.159 -3048.76 -2.497' 
1067 3 0.383 0.589 810.44 -1.281 
1069 5 0.260 0.347 -1097.44 -0.505 
1070 9 0.489 0.689 1645.60 -3.637' 
Table 4.5. 
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Site N SpOtOb Spoç, R (m) LogLikelihood 
1071 5 0.670 0.688 1471.08 -0.031 
1072 7 0.836 0.689 1357.22 7.137* 
1073 22 0.702 0.687 1323.43 -0.134 
1074 45 0.708 0.691 7635.99 -0.335 
1075 2 0.525 0.588 555.04 -0.083 
1076 7 0.764 0.689 5067.69 4.780* 
1077 3 0.867 0.689 5167.89 -2.034 
1078 4 0.725 0.688 1433.38 -0.184 
1079 2 0.725 0.689 1289.13 -0.090 
1081 4 0.200 0.159 -3045.32 -0.124 
1082 4 0.225 0.199 -2255.19 -0.043 
1084 3 0.700 0.514 98.06 2.503* 
1085 3 0.600 0.520 137.07 -0.244 
1087 5 0.720 0.685 1310.87 -0.192 
1091 4 0.713 0.689 5366.36 -0.062 
1097 6 0.642 0.689 5797.69 -0.210 
1099 56 0.658 0.686 4202.02 -0.736 
1100 10 0.690 0.607 2214.18 -1.518 
1103 33 0.308 0.262 -5576.72 -0.797 
1104 40 0.251 0.243 -6117.73 -0.039 
1105 6 0.417 0.245 -6058.74 -1.749 
1110 18 0.519 0.252 -5841.95 13.441* 
1112 15 0.713 0.697 14700.08 -0.115 
1113 20 0.543 0.318 -2715.63 11.045* 
2012 5 0.370 0.252 -5841.95 -0.707 
2115 7 0.143 0.195 -7630.08 -0.696 
2116 8 0.186 0.160 -9079.20 -0.110 
2117 4 0.188 0.241 -6176.15 -0.237 
2118 22 0.641 0.691 7580.00 -0.846 
2119 7 0.229 0.158 -12150.69 -0.546 
2120 22 0.271 0.158 -12206.54 3.643* 
2121 17 0.206 0.158 -11625.93 -0.694 
2122 12 0.663 0.689 5820.68 -0.152 
2124 12 0.650 0.689 5820.68 -0.301 
2126 15 0.603 0.689 5820.68 -1.437 
2127 15 0.620 0.689 5820.68 -1.000 
2132 7 0.650 0.689 5458.64 -0.173 
2133 22 0.652 0.689 5458.64 -0.488 
2134 14 0.636 0.689 5458.64 -0.595 
2135 11 0.182 0.158 -11579.59 -0.134 
2136 6 0.767 0.689 5458.64 5.155* 
2138 41 0.669 0.690 6137.58 -0.314 
2140 5 0.660 0.690 6137.58 -0.076 
Table 4.5. cont'd 
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Site N SPotOb Spot R (m) LogLikelihood 
2141 7 0.714 0.690 6137.58 -0.123 
2142 3 0.300 0.160 -9407.61 -0.688 
2143 47 0.199 0.171 -8485.27 -0.674 
2145 6 0.308 0.182 -8101.50 -1.102 
2146 7 0.529 0.689 3872.00 -1.926 
2147 10 0.445 0.254 -5788.97 3.585* 
2148 4 0.100 0.170 -8537.70 -4.793 
2150 9 0.378 0.503 18.77 -1.426 
2151 9 0.272 0.318 -1301.98 -0.240 
2152 55 0.127 0.174 -8393.39 6.493* 
2153 3 0.183 0.229 -2836.13 -0.136 
2154 14 0.496 0.691 189.39 5.367* 
2155 3 0.733 0.692 3971.26 -0.201 
2157 3 0.083 0.159 -417.35 -10.307 
2159 17 0.144 0.159 -4620.00 -0.133 
2163 9 0.739 0.693 9523.45 -0.864 
2164 5 0.750 0.693 10242.31 -0.985 
2165 35 0.669 0.693 9856.43 -0.382 
2166 51 0.258 0.157 -5810.00 7.030* 
2167 4 0.238 0.156 -6407.00 -0.397 
4180 14 0.521 0.533 492.12 -0.019 
4183 15 0.323 0.236 -6326.54 -1.268 
4185 81 0.209 0.236 -1800.61 -1.098 
4187 11 0.468 0.201 -7414.19 -7.784 
4189 2 0.275 0.197 -7557.80 -0.153 
4195 18 0.244 0.282 -1509.78 -0.369 
4196 12 0.571 0.599 1119.29 -0.111 
4199 23 0.464 0.524 136.49 -0.824 
5205 21 0.175 0.238 -6263.09 -1.951 
5208 19 0.147 0.157 -13022.76 -0.062 
5209 7 0.664 0.692 8677.62 -0.095 
Table 4.5. Observed (Spot,bs) and expected (Spot) values for the spot score 
data set and the distance of each site from the centre of the dine (R, measured in 
metres). * indicates sites for which the expected mean spot score differed 
significantly from the observed mean spot score. N denotes the population size. 
However, with smaller samples it is quite possible that the true variance at the site 
was different from the predicted value. The problem is compounded by the fact that 
many of the smaller samples appear to have been taken from locations near the centre 
of the dine. The variances of traits increase greatly towards the centre of the zone 
(figures 4.5), and so inaccuracies arising from estimates of the variance will be more 
prone to error. 
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Segment Width 	Min 	Max 	Angle 	Min 	Max 
1 9.25 4.57 12.07 1.72 1.71 1.81 
2 0.40 0.19 1.88 -0.19 -0.26 0.01 
3 6.56 1.53 8.82 0.81 0.15 0.85 
4 4.56 2.73 4.88 -0.37 -0.52 0.57 
5 14.66 12.94 18.04 0.95 0.07 1.10 
6 22.16 17.95 23.89 -2.74 -3.14 -0.54 
Table 4.6. Values and limits for segment widths and angles for the most likely 
dine fitted from the spot score data. Parameters were obtained from 10000 
replicates of the Metropolis algorithm with the temperature set to 1=1, 
generating a probability density equal to the likelihood. Maximum and minimum 
values were obtained two units of log likelihood below the maximum log 
likelihood. 
4.5 COMPARING FITTED CLINES 
In spite of the problems associated with fitting the spot score dine, there is a general 
agreement in the most likely fitted positions of both the enzyme and spot score 
dines. The most obvious reason for the relatively poor fit for the spot score data is 
that the estimated variances used for smaller sites have a large degree of error, and as 
such it seems that the position of the most likely fit for the enzyme dine is more 
accurate than that for the spot scores. 
Analyse produces a measure of the distance of each site from the centre of the fitted 
dine (R), which can be plotted from the data for both traits, as shown in figure 4.8. 
Although the estimates differ (as do the positions of the fitted dines), the majority of 
sites are placed on the same sides of both dines. In the six cases where sites were 
placed on the opposite sides of the fitted dine, they were near to the dine centre in 
one or the other fit, that is, the displacement to the opposite side of the dine was 
small. Four of these sites contained only small samples (mean sample size = 3.75), 
which in view of the problems highlighted above could have contributed to their 
placement on opposite sides. 
The expected mean gene frequencies and expected population mean spot scores are 
plotted against one another in figure 4.9. Once again, there is a general agreement 
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between the two (correlation coefficient = 0.962), although there is a considerable 
degree of scatter towards the central populations. 
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Figure 4.8. Site distances from the centre of the fitted dines. Sites placed to the 
right of both fitted clines appear in the +ve/+ve sector of the graph, and those 
placed to the left of both fitted dines appear in the —ye/—ye sector. There is 
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Figure 4.9. Mean expected gene frequency obtained from the best fit for the 
enzyme data plotted against the mean expected spot score value. The correlation 
coefficient is 0.962. 
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4.6 USING THE TWO-DIMENSIONAL ANALYSIS TO FIT A ONE-
DIMENSIONAL CLINE 
To examine the role of environmental variation in determining the position of the 
dine, it is easier to consider changes along a single axis. This necessitates collapsing 
the two-dimensional spatial data onto a single dimension. In the case of the Peéenica 
transect it is clear that the hybrid zone does not follow a simple route for either the 
enzyme or spot score dines (figures 4.6 & 4.7). There are also differences in the 
positions of the most likely dines for the two traits, and it appears that one source of 
variation could lie in the estimates of the variance in spot score measures for smaller 
sites. 
In the following chapter, I describe an analysis conducted using data from the 
Peéenica transect that has been collapsed onto a single dimension. This simplifies 
the method required to find the values for the parameters describing the most likely 
dine, and will enable the effects of ecological parameters to be assessed. 
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5. GEOSPATIAL AND ECOLOGICAL ANALYSES 
5.1 INTRODUCTION 
HYBRID ZONES are often observed to coincide with an ecotone (Endler, 1977; Barton 
& Hewitt, 1985), which can be a simple single parameter transition or a less obvious 
gradient comprising a confluence of several variables. Although the key mechanism 
maintaining tension zones is the balance between dispersal and selection against 
hybrids, it seems unlikely that ecological factors play no role. Residual variation 
found during the dine fitting procedure in the previous chapter indicates that the 
parameters specified in the model were unable to fully explain the position and width 
of the dines observed for both the enzyme and spot score data. 
The identification of causal relationships between environment and populations is 
difficult: this problem has become one of the central issues in ecological studies 
(Jassby & Powell, 1990; Mangel & Hilborn, 1997, pp3-1  1). Analyses are often based 
on a single replicate (i.e. the natural world) and this has inspired the development of 
entire branches of statistics designed to overcome the limitations of such a restricted 
sample size (Carpenter, 1990; Reckhov, 1990; Potvin & Roff, 1993; Shaw & 
Mitchell-Olds, 1993; Trexler & Travis, 1993). Such methods usually invoke 
likelihood in order to compare different models given that the data have already 
occurred. This allows the relative plausibility of models to be tested, not such that 
one supplants another but rather that the alternative hypotheses are weighted in 
proportion to their likelihoods. 
In this chapter, the effect of environmental variation on the Bombina hybrid zone is 
considered. First, the scale at which ecological variables might exert a significant 
influence is established. This is achieved by examining associations between the 
variables themselves, followed by an analysis of how spatial scale affects the degree 
of association between these variables and the observed distribution of Bombina. 
Finally, the effect of environmental parameters on models of the hybrid zone is 
assessed, and the results of analyses for both single and multi-locus dines are 
presented as a series of likelihood comparisons. 
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5.1.1 Fitting the dines in a single dimension: a note 
At the time of writing, the procedures for fitting a one-dimensional model to 
quantitative trait data had not been implemented in the Analyse software. It was 
therefore necessary to adopt a different strategy in order to perform the following 
analysis. I would like to acknowledge the assistance of Prof. N. H. Barton, who 
kindly wrote the code needed in order to analyse the data using the mathematical 
modelling application Mathematica (0.0, Wolfram Research Ltd.). The procedure 
effectively carries out the same process as Analyse, namely to find the maximum 
likelihood estimate of the mean trait values for a one-dimensional dine. In addition, 
it finds the MLE for the quantitative trait variance: it is this requirement that placed 
this analysis beyond the bounds of the current implementation of Analyse. The code 
developed allowed for the concurrent estimation of the likelihoods of both the sample 
mean and variance: MLLs were obtained by a similar process of iteration. 
5.2 AUTOCORRELATION 
Many ecological variables cannot be described as point data: for example, the 
percentage of ground occupied by forest requires by definition that an area around a 
site be sampled. The question of how large this area should be must be addressed 
through consideration of the system being studied and the biological relevance of the 
variable to the study species. For instance, if an individual migrates over a distance 
of 1 km in any one year, it would be sensible to assess the effect of forest at a scale of 
approximately this order (Lindenmayer & Possingham, 1996): looking at regions of 
forest of 50 km or only 10 in in diameter would not be expected to yield much 
information. 
In studies such as these, autocorrelation arises where the spatial scale at which a 
variable is biologically relevant requires that the samples overlap one another in 
space. Where this happens, sites can no longer be regarded as independent of one 
another as they share common areas (figure 5.1). This problem is well documented in 
the ecological and statistical literature (e.g. Dutilleul, 1993; Legendre, 1993), and 
there are a number of strategies that can be employed to minimise its effect 
(Henebry, 1995). Obviously, a compromise is required between the reduction of 
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autocorrelated data and retention of biological meaning: the approach in this study 
has been to seek a spatial scale that best fits this optimum. 
Figure 5. 1. Autocorrelation between sites increases as the spatial scale analysed 
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Figure 5.2. Effect of increasing sample radius in relation to the number of 
independent sites for the Peéenica data. The fitted line follows a negative 
exponential trajectory. 
The effect of increasing the spatial scale is clearly illustrated in figure 5.2, in which 
the number of independent sites in the Peéenica region have been plotted against the 
radius of the sample. A site is defined as independent if there is no overlap between it 
and any of its neighbours at a given spatial scale. As the sample area radius is 
increased, sites become aggregated into clusters, and the number of sites that remain 
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independent decreases exponentially. An associated problem peculiar to studies such 
as this also becomes apparent, wherein those sites that remain independent have a 
tendency to be located at the extremities of the sampling area, and thus are less likely 
to be representative of the region. 
The obvious way to counteract the difficulties posed by autocorrelation is to take 
measures to prevent it becoming an issue in the first place. This could in principle be 
achieved by deciding at the start of the study where to take samples from, and how 
large the sample radius should be. In this way it would be possible to ensure that sites 
did not overlap, and they could thus be treated as independent measures. However, 
the reality is not so convenient: samples can only be taken from existing populations, 
and populations are notorious for their non-random distribution in space. It is thus 
only feasible in this case to address the question of autocorrelation in a post hoc 
manner. 
5.3 CHOOSING A SUITABLE SCALE 
One aid to choosing the best spatial scale is to look at the variables measured to see if 
the amount of information varies with sample area radius. Variables were extracted 
from maps and a SPOT satellite image as described in chapter 3 and expressed in 
terms of percentage area covered. For any given site, regions from 100 in to 1000 in 
in radius were extracted in increments of 100 m, yielding a total of 10 measures per 
each variable for each location. In the case of the map data, there were four variables, 
contour density, forest cover, permanent water and urban development, giving a total 
of 40 measures for each site. Extracting these data was very time consuming, so a 
sub-sample of sites (N = 48) was initially extracted in order to determine the most 
appropriate scale to use in the main analysis. 
5.3.1 Map variables 
Plotting mean values for each variable against sample radius revealed how the 
variables changed in relation to scale (figure 5.3). Urban development coverage 
dropped sharply between the 100 in and 200 in scales, contour density dropped at 
200 in before increasing again at 300 m, forest cover increased more rapidly at the 
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smaller scales than the larger ones, and water availability rose initially before falling 
away after the 200 m point. Features such as buildings and ponds tend to occupy 
large proportions of small local areas, so that when present in a small sample they 
will occupy a relatively large percentage of that sample. However, as the sample 
scale increases, the percentage area covered by these features will become 
progressively smaller. For example, when a site is located at a large pond, the 
influence of the pond on the percentage water availability will be very high at small 
scales. However, the pond might well be the only water body present in a large area, 
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Figure 5.3. Percentage mean cover values for the four topographical map 
variables (contour density, forest cover, urban development and water cover), 
plotted against site area radius. 
The rural nature of the study region also suggests that the urban coverage variable 
would behave in a similar manner: a collection of buildings would occupy a 
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significant area of a small sample centred on a village (the village pond, for 
instance), but this effect would rapidly decay as the sample size increased to include 
more of the surrounding countryside. There is a tendency for forest cover to increase 
at larger scales: this finding was unexpected and does not make immediate sense. 
The most plausible explanation is that sites tend to be located in forest clearings, 
such that the percentage forest cover would indeed increase with scale. 
Sample radius (m)  
2.6 
Forest cover variance 
1.6 
1.2 
200 	400 	600 	800 
Sample radius (m) 
Figure 5.4. Variance in sample measures for each of the four map variables 
(contour density, forest cover, urban development and water cover), in relation to 
sampling scale. 
The observed variance for each parameter in relation to increasing scale is shown in 
figure 5.4. In all four cases, variance decreases as spatial scale increases. This is to be 
expected, as sampling a larger area will dilute the effect of local fluctuations; this fact 
is of major importance when attempting to choose a biologically meaningful scale at 
which to work. However, the way in which the variance decreases differs between 
variables, with urban development and contour density both displaying a negative 
exponential decline, whereas forest cover is more linear. The decline observed in 
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water cover is difficult to categorize, and depends on which if any of the points are 
viewed as anomalous. Alternatively, if the data are taken at face value, one 
explanation for the observed variance in water cover could lie in the spacing of, for 
example, village ponds or cattle watering ponds. For a given site (always located at 
water bodies of some kind), the nearest additional water body could be some 
substantial distance away, at least 200 m. At spatial scales beyond this, the water 
coverage at a more regional level could be being measured. To determine whether 
this is the case would require a separate analysis, which is beyond the scope of the 
current project. 
5.3.2 Satellite image variables 
Four variables were extracted from the satellite image, providing direct measures of 
percentage cover of a given land type (forest, rough grazing, pasture and arable). 
They present simple measures of land usage, and as such their potential influence on 
the distribution of Bombina is obvious. Their relationship to spatial scale is 
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Figure 5.5. SPOT satellite variables (forest, rough, pasture and arable) plotted 
against sample radius in metres. 
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The variance observed in the SPOT image data (figure 5.6) shows a broadly similar 
pattern to that for the map derived variables. The trajectories follow a more graceful 
decline, but that is almost certainly a result of the larger sample size used (number of 
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Figure 5.6. Variance in the satellite data (forest, rough, pasture and arable) 
plotted against sample radius in metres. 
5.3.3 Comparing the map and satellite variables 
The only variable that is directly comparable between the satellite and topographical 
map data sets is the measure of forest cover. A somewhat unexpected result was that 
the slope for the map variable was positive, and negative for the satellite variable. 
However, by restricting the number of sites used in the satellite data analysis to those 
used in the map data analysis, it is possible to demonstrate that the effect is a simple 
artefact of the relatively small number of sites from which the topographical map 
data were drawn. As stated previously, only a subset of 48 sites was used in the 
exploratory analysis of the map data, compared to the 105 sites for which satellite 
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that there is no significant difference between the slopes of the coverage curves for 
the satellite and map data, although the map data consistently yields higher coverages 
than the satellite data (figure 5.7). However, such a shift will have no effect on the 
outcome of the subsequent analyses, as it is the variation between sites that is of 
importance. 
0 	200 	400 	600 	800 	1000 	1200 
Site radius (metres) 
Figure 5.7. Plot of forest cover for both satellite and map data sets, using the 
same sample of sites for each (N = 48). 
Another autocorrelation issue exists in the relationship between the variables being 
measured. For many environmental features, the presence of one by definition 
precludes the presence of another. This is clearly illustrated by the forest and pasture 
measures taken from the satellite image (figure 5.8i). Obviously, any given point on 
the ground cannot be occupied by both and it is important to be aware of any 
variables which are correlated in this manner. Introducing two such variables into the 
same model could be the equivalent of using the same variable twice. 
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Figure 5.8. Negative and positive correlations between variables. (i) Correlation 
between the SPOT satellite measures of forest and pasture (r = -0.88). The 
strongest relationship was at the 300 m scale, though the correlation coefficient 
exceeded -0.80 at all scales. (ii) The satellite and map derived measures for forest 
cover using the full data set. 
An example of a positive correlation in the current study is illustrated by the two 
measures of forest cover, which are the only attributes directly comparable from both 
the satellite image and the topographical maps. Figure 5.8ii shows that a strong 
association between these two variables exists, a fact that should instil some 
confidence in the two methods of data extraction, as they appear to yield qualitatively 
similar results, although there is a fair degree of variance. One possible source of 
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variation between the two measures is that the maps were approximately 15 years 
older than the satellite image (and the survey from which they were drawn could 
have taken place some time before this). Changes in the activities of commercial 
forestry enterprises and deforestation for agricultural purposes in the intervening 
period could well be responsible for the observed differences. 
The interaction between habitat and spatial scale is difficult to resolve. For example, 
in the current study, a total of eight habitat variables were measured at ten different 
scales, resulting in 80 measures for each site. If any unique combination of these 
variables is allowed, a total of 2 80  possible models exist. It is conceivable that such 
models would be required: an ecological parameter could easily exert different 
influences at local and global scales. However, there exists yet another 
autocorrelation problem associated with such an approach: using the 100 in 
increments described above, it is clear that the 200 in measure would contain the 
100 in measure. In turn, the 300 in sample would have as a constituent part the 200 in 
sample (refer to figure 3.5). Obviously, in a series such as this there is only one 
independent data point, and for this reason each habitat variable should only appear 
in the model at one spatial scale. 
Even when each variable is only represented at a single spatial scale within a model 
there are still many possible permutations. Allowing a variable to be present or 
absent would give 28  candidate models. It is possible that the most biologically 
relevant scale for one variable is not necessarily the most relevant scale for another. 
In order to explore the full state space for the chosen variables and scales, some kind 
of search algorithm would have to be developed that was able to apply each potential 
combination of variables in turn. The maximum log likelihoods (MLLs) for each 
model would then have to be compared for the appropriate number of degrees of 
freedom in order to find the model that offered the best fit to the data. 
This is a daunting task, and beyond the scope of the present study, the aim of which 
was to determine whether the observed distribution of Bombina genotypes within the 
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hybrid zone could be explained by taking environmental variables into account. For 
this reason, only one scale was employed at a time in order to simplify the analysis. 
This made the problem computationally feasible, whilst at the same time avoiding 
the obvious statistical difficulties of analysing the exhaustive set of models, namely 
that as more models are tested, the chance of finding a combination of parameters 
which give a good fit through chance alone increases. This can, however, be 
counteracted to some extent by assessing the biological plausibility of a model 
yielding a good fit to the hybrid zone data. 
5.4 FINDING THE BEST FIT IN A ONE DIMENSIONAL TRANSECT 
A comparison of the observed mean trait values in relation to the estimated distance 
of sites from the centre of the dine, R (km), shows that there is good agreement for 
both traits (figure 5.9). As before, the range of values in the spot score dine is 
narrower than in the enzyme dine, and the central step does not appear to be as steep, 
though both dines seem to possess similar centres. 
1- 00 
0 	0 0 alDo 
O ö °( 







0 to o 
. 	. • 	• 
04- 
• •o 0 
0 	• • •, 	••cp% 
0.2- 
• • 	•_ 'g 
• • • 0 • 
% 
0 - 00 	0 0. 
-15 	-10 -5 0 
I 
5 	10 -20 





Figure 5.9. Mean trait values against estimated distance from the centre of the 
dine. Closed circles, spot scores; open circles, enzyme data. 
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The effect of habitat parameters can be evaluated by comparing the difference in the 
log likelihood of models containing them with models that do not. By using the 
distance of sites from the most likely dine centre as a parameter, the data can be 
collapsed onto a single dimension, which simplifies the process of testing alternative 
habitat models considerably. The first stage of the analysis was to determine the 
maximum log likelihood for the enzyme dine in the absence of any habitat 
information. The distance R was used as the spatial variable in order to estimate the 
values of six parameters: the dine centre and width, and the rate of decay (0) and 
strength of the barrier to gene flow (B/w) on both sides of the dine. 
The rate of decay for B. bombina (O Rb) and B. variegata (OR.)  is a measure of the 
degree of introgression on either side of the dine, equal to the square of the ratio 
between the rate of decay in the tails and the width of the dine. The measure is 
proportional to the ratio between the selection at an individual locus and the effective 
selection across all loci. Ratios of one for both O fi , and °B,,  would produce a smooth, 
sigmoid curve. The barrier to gene flow, expressed in terms of the equivalent 
distance of habitat that would present a similar impediment to the movement of a 
neutral allele, is defined as the ratio between the step in allele frequency at the centre 
of the zone and the gradient of each tail of introgression. 
To find the most likely fit for the one-dimensional transect, trials were carried out 
with initial values for the width, centre, rates of decay and barrier strengths as shown 
in table 5.1. Again, an annealing approach was used, with the temperature of the 
algorithm initially set to T = 20 degrees, which was slowly brought down to T = 1 
degree, allowing 50 tries at each temperature. The algorithm was then reheated to 
T = 20 degrees and the process repeated until no further improvement was found in a 
complete cycle. Then, the algorithm temperature was set to T = -1 degree, and was 
allowed to climb uphill from the best fit found thus far. When no further 
improvement was found (to three decimal places of log likelihood) the algorithm was 
stopped. The results of ten such trials are shown in table 5. 1, ranked in order of log 
likelihood. 
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Trial LogL Width (m) Centre (m) BBb/w 0 Bh  B8Jw 
8000 0 10 0.05 10 0.05 
1 -51.524 9784 -167 9.13 0.09 2.44 0.40 
2 -51.793 9773 -177 9.77 0.09 2.85 0.36 
3 -51.996 9811 -137 9.67 0.09 3.14 0.31 
4 -52.026 9468 -419 9.66 0.11 14.20 0.25 
5 -52.272 9000 -268 3.25 0.50 20.54 0.08 
6 -52.422 9892 -92 12.56 0.07 9.58 0.09 
7 -52.445 9734 -201 12.00 0.08 11.59 0.09 
8 -52.873 8383 -143 18.83 0.02 17.38 0.87 
9 -52.873 8356 -147 24.11 0.06 12.61 0.48 
10 -52.875 8316 -148 24.76 0.58 25.99 0.61 
Table 5.1. Log likelihood values for the one dimensional dine with no habitat 
information. The initial values for the estimated parameters are shown in bold. 
B = strength of the barrier to gene flow in kilometres, 0 = rate of decay of 
introgression. Subscripts: Bb = Bombina bombina, By = B. variegata. 
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Figure 5.10. Bivariate plot for 9642 iterations of the Metropolis algorithm with 
the temperature set to T = 0. The density of the plot is proportional to the 
likelihood. 
The best fit obtained was then used to determine the maximum log likelihood values, 
by setting the temperature of the algorithm to T = 1 and using the parameter values 
obtained as initial values. By allowing parameters to vary one at a time, it is possible 
to obtain the maximum likelihood values and to generate support limits as described 
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in chapter 3. Figure 5.10 plots dine width against dine centre for 9642 samples: the 
density of the plot is proportional to the likelihood. 
Support limits for individual parameters were obtained by fixing other parameters at 
their maximum likelihood values and finding the values at 2 units of log likelihood 
below the maximum. Plots for the dine width and dine centre are given in figures 
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Figure 5.13. Rate of decay plotted against the strength of the barrier to gene flow 
on the Born bina bombina side of the dine. 
Figure 5.14. Rate of decay plotted against the strength of the barrier to gene flow 
on the Bombina variegata side of the dine. 
The rate of decay can be plotted against the barrier strength for both sides of the 
dine. Figures 5.13 and 5.14 illustrate the relationship between these two variables for 
the B. bombina and B. variegata sides of the dine respectively: where the strength of 
the barrier to gene flow relative to the width of the dine is high, the rate of decay is 
low, and where the barrier to gene flow is low, the rate of decay is high. The results 
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obtained here were qualitatively similar to those obtained during two dimensional 
dine fitting (see ch. 4). 
The results obtained for the most likely transect are given in table 5.2 with support 
limits for each parameter. 
Paramete Centre Width (m) BBb/w 0 B BBJw O B, 	LogL (m) 
MLL 9784 21 9.13 0.09 2.44 0.40 	-51.278 
Min 8903 -364 5.29 0.04 1.68 0.23 
Max 11544 472 15.74 0.25 3.71 0.71 
Table 5.2. Results for the best fit obtained for the enzyme data on a one-
dimensional transect. B = strength of the barrier to gene flow in kilometres, 
0 = rate of decay of introgression. Subscripts: Bb = Bombina bombina, By = B. 
variegata. 
5.4.1 Fitting models for different spatial scales 
To determine which, if any, of the spatial scales assessed was the most appropriate to 
use in the main analysis, a series of models were next fitted to the best fit obtained 
for the enzyme data in conjunction with the habitat variables extracted from the 
SPOT satellite image. Each habitat parameter was tested by carrying out 10000 
Metropolis replicates. The results of the analysis are shown in table 5.3 and a 
graphical representation of the changes in the log likelihoods between models with 
and without the habitat parameter is shown in figure 5.15. 
Models with one fitted habitat parameter differed by one degree of freedom from the 
model fitted in the absence of habitat data. Therefore, the difference in log likelihood 
(iMogL) should be distributed as .L,2  For the difference to be significant at the level 
of p 5%, a difference of two units of log likelihood is needed. None of the 
parameters fitted yielded significant changes in the log likelihood at any of the 
spatial scales used (table 5.3). 
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BBh/w 	0 R 	B/%V 
8.33 0.07 8.91 0.02 
14.90 0.04 8.95 0.02 
8.24 0.08 495 0.05 
26.30 0.02 10.69 0.02 
7.62 0.08 5.59 0.04 
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Radius (m) 	Model LogL Width Centre 
Forest -50.570 4.08 -0.19 
100 	Rough -50.388 4.06 -0.19 
Pasture -49.931 4.41 -0.10 
Arable -51.175 4.65 -0.10 
I 	Forest -49.755 4.11 -0.17 
200 	Rough -49.804 4.46 -0.13 
Pasture I -49.976 4.62 -0.07 
4flh1 4 	'1 '7 fl 	I) 
Forest -49.723 4.35 -0.13 7.77 0.08 7.32 0.03 
300 	Rough -49.906 4.03 -0.18 10.54 0.05 7.23 0.03 
Pasture -50.470 4.26 -0.14 9.61 0.07 8.76 0.02 
Arabic -50.686 4.25 -0.15 11.10 0.05 10.33 0.02 
Forest -49.655 4.34 -0.13 8.38 0.08 3.74 0.07 
400 Rough -49.845 4.11 -0.18 7.20 0.08 5.90 0.05 
Pasture -49.446 4.20 -0.17 9.36 0.06 5.37 0.04 
Arabic -49.535 4.37 -0.13 5.13 0.15 5,08 0.05 
Forest -50.646 4.44 -0.11 10.06 0.06 8.97 0.02 
500 Rough -49.546 4.27 -0.14 13.16 0.04 2.88 0.10 
Pasture -49.525 4.47 -0.12 8.27 0.08 4.48 0.06 
Arabic -50.079 4.35 -0.12 6.35 0.10 8.19 0.02 
Table 5.3. Maximum log likelihood values for models of scale using the enzyme 
data set and habitat variables extracted from the SPOT satellite image. 
B = strength of the barrier to gene flow in kilometres, 0 = rate of decay of 
introgression. Subscripts: Bb = Bomb/na bombina, By = B. variegata. 
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Figure 5.15. Changes in log likelihood resulting from the addition of additional 
environmental parameters at a range of scales. The coloured line shows the 
maximum log likelihood obtained for the enzyme data in the absence of any 
habitat information. 
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As there were no apparent indications from these studies of an obvious scale to use, 
the best recourse was to turn to the biology of Bombina. Previous studies (Szymura 
& Barton, 1986; MacCallum, 1994) had shown that although in general toads tended 
to remain close to a particular site for long periods, some fairly sizeable migrations 
could be precipitated by factors such as the drying up of a water body. In such cases, 
individuals were occasionally observed to travel as far as 500 in during the course of 
a breeding season and 1 km or more in the period between breeding seasons. Given 
that only a minority of individuals appear to migrate over such distances, it seemed 
reasonable to choose the more moderate scale of 300 in radius around each breeding 
site. 
5.5 ANALYSES OF HABITAT VARIABLES 
The analysis of a total of seven habitat variables is presented below. Both the enzyme 
and spot score dines were tested, the habitat variables used being altitude, contour 
and forest as extracted from topographical maps, along with forest, rough, pasture 
and arable as measured from the SPOT satellite image. All variables (except altitude, 
which was given for the site location itself) were calculated at a spatial scale of 
300 m, such that each was a value corresponding to the total coverage of the relevant 
variable for an area centred on the site and enclosed by a circle of 300 in radius. 
In order to directly compare the results for the single and multi-locus dines, the 
following analysis was all completed using the Mathematica code developed by Prof. 
N. H. Barton. The first stage was to establish for each dine a best fit in the absence 
of any habitat variables. For the enzyme data, this was reasonably straightforward 
and followed a very similar procedure to that in chapter 4. In the case of the spot 
score data, on the other hand, a new model was required to account for the fact that 
the expected means and variances of spot scores follow a Gaussian distribution. 
During the fitting procedure, the sample mean and variance must be estimated. The 
method used is described in section 5.5.3. 
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5.5.1 The single locus dine 
To fit a model for the position and width of the dine, the Mathematica 
FindMinimum routine was employed. This gave a best fit with a dine centre of 
0.63 km and a width of 8.18 km, shown in figure 5.16, in which the density is 









0 	 0.5 	 1 	 1.5 
Cline centre (km) 
Figure 5.16. Plot of dine centre against cline width. The density is proportional 
to the likelihood: lighter regions denote a higher density. 
Estimating several parameters simultaneously is prone to error due to the risk of 
multiple optima. With such a complex probability space, the chance of finding a 
local optimum, rather than the global one, increases with each additional parameter 
fitted. This danger can be minimised by using reasonably close estimates of the 
parameter values at the outset. This means that the chances of the 'nearest' optimum 
also being the global optimum are increased, and consequently the chances of 
discovering it rise accordingly. Fortunately, the parameters of dine centre, width 
(W), rate of decay (0) and barrier strength (B) on the B. bombina and B. variegata 
127 
5. GEOSPATIAL AND ECOLOGICAL ANALYSES 
sides of the dine, had been estimated many times throughout the course of this and 
previous analyses, so it was possible to use realistic starting values for this stage. 
FindMinimum works within a specified range of values: it is thus helpful to have 
some idea of the range of values for each parameter tested, as this greatly reduces the 
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Figure 5.17. Plot of logit transformed allele frequencies against the distance in 
km from the centre of the dine. The line shows the fitted model, with parameter 
values given in table 5.4. 
Parameter Lower limit 	Upper limit Estimate 
LogL -41.003 
Width (km) 4.0 	 4.5 4.363 
Centre (km) -0.1 0 -0.078 
B 8/w 0.2 	 0.1 0.800 
Rb 
3.5 3.0 0.026 
B 8/w 0.8 	 0.4 0.536 
3.5 3.0 0.0373 
Table 5.4. Estimates obtained from the most likely fit for the enzyme dine along 
a transect. The upper and lower limits are the values supplied to the 
FindMinimum routine in Mathematica: the estimates are the values for each 
parameter at the maximum log likelihood. B = strength of the barrier to gene flow 
in kilometres, 0 = rate of decay of introgression. Subscripts: Bb = Bombina 
bombina, By = B. variegata. 
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Site N p p, R LogL 
1001 38 0.672 0.775 2.461 1.049 
1002 24 0.689 0.759 1.958 0.300 
1003 38 0.748 0.761 2.035 0.019 
1004 2 0.667 0.657 0.629 0.000 
1011 21 0.381 0.345 -0.778 0.060 
1014 10 0.025 0.117 -2.281 0.582 
1016 3 0.042 0.299 -1.006 0.654 
1019 3 0.000 0.179 -1.738 0.592 
1028 6 0.979 0.963 13.892 0.026 
1029 37 0.983 0.963 13.892 0.261 
1033 13 0.067 0.089 -3.492 0.042 
1035 33 0.082 0.100 -2.629 0.064 
1036 2 0.063 0.100 -2.646 0.018 
1038 3 0.375 0.508 -0.041 0.108 
1039 58 0.060 0.069 -5.392 0.041 
1040 37 0.068 0.082 -4.131 0.054 
1042 9 0.037 0.101 -2.565 0.262 
1043 27 0.142 0.099 -2.743 0.252 
1044 19 0.228 0.164 -1.851 0.256 
1045 10 0.088 0.210 -1.523 0.550 
1046 2 0.500 0.204 -1.565 0.433 
1047 2 0.438 0.274 -1.139 0.122 
1049 5 0.650 0.663 0.662 0.002 
1050 18 0.042 0.033 -10.593 0.019 
1051 2 0.063 0.032 -10.800 0.023 
1052 37 0.062 0.053 -7.346 0.031 
1054 30 0.567 0.356 -0.726 2.760 
1055 28 0.055 0.298 -1.015 5.245 
1056 19 0.239 0.344 -0.784 0.489 
1057 4 0.000 0.162 -1.867 0.709 
1059 3 0.708 0.746 1.560 0.011 
1061 2 0.188 0.100 -2.638 0.069 
1063 37 0.301 0.231 -1.390 0.476 
1064 36 0.218 0.270 -1.163 0.262 
1066 8 0.219 0.100 -2.660 0.486 
1069 5 0.150 0.211 -1.517 0.060 
1070 9 0.819 0.743 1.468 0.150 
1071 5 0.900 0.734 1.227 0.427 
1072 3 0.875 0.729 1.070 0.189 
1073 4 0.875 0.727 1.017 0.258 
1076 3 1.000 0.744 1.494 0.889 
1077 3 0.889 0.740 1.395 0.205 
1078 4 0.781 0.733 1.176 0.025 
1079 2 0.833 0.728 1.035 0.062 
1081 4 0.125 0.100 -2.649 0.013 
1082 4 0.000 0149 -1.977 0.646 
1084 3 0.250 0.472 -0.201 0.313 
1085 3 0.417 0.478 -0.175 0.023 
1087 5 0.825 0.726 1.000 0.134 
1091 3 0.917 0.753 1.774 0.270 
1097 6 0.854 0.812 3.759 0.037 
1099 31 0.821 0.795 3.152 0.066 
Site N p p R LogL 
1100 6 0.833 0.787 2.874 0.040 
1103 8 0.125 0.154 -1.935 0.028 
1104 13 0.202 0.114 -2.319 0.421 
1105 3 0.167 0.110 -2.358 0.043 
1110 13 0.577 0.258 -1.228 2.937 
1111 2 1.000 0.960 13.409 0.082 
1112 6 0.854 0.959 13.356 0.525 
1113 16 0.766 0.511 -0.030 2.195 
2012 2 0.688 0.258 -1.228 0.805 
2115 7 0.089 0.160 -1.885 0.151 
2116 7 0.131 0.079 -4.384 0.109 
2117 4 0.146 0.116 -2.288 0.016 
2118 2 1.000 0.769 2.267 0.526 
2119 7 0.071 0.081 -4.186 0.005 
2120 6 0.104 0.081 -4.221 0.020 
2121 8 0.021 0.089 -3.532 0.323 
2122 4 0.938 0.872 6.304 0.093 
2124 2 0.813 0.872 6.304 0.028 
2126 8 0.828 0.872 6.304 0.062 
2127 4 0.969 0.872 6.304 0.233 
2132 2 0.938 0.865 5.975 0.055 
2133 7 0.911 0.865 5.975 0.070 
2134 7 0.893 0.865 5.975 0.025 
2135 11 0.091 0.089 -3.521 0.000 
2136 3 0.903 0.865 5.975 0.020 
2138 10 0.938 0.877 6.573 0.203 
2140 4 0.719 0.877 6.573 0.358 
2141 4 0.854 0.877 6.573 0.009 
2142 3 0.167 0.092 -3.298 0.083 
2143 34 0.120 0.102 -2.497 0.057 
2145 6 0.208 0.144 -2.018 0.089 
2146 6 0.792 0.525 0.029 0.924 
2147 10 0.458 0.493 -0.109 0.024 
2148 4 0.125 0.102 -2.470 0.010 
2151 9 0.097 0.196 -1.620 0.326 
2152 32 0.079 0.105 -2.415 0.121 
2153 3 0.250 0.124 -2.213 0.177 
2154 14 0.756 0.726 0.984 0.033 
2155 3 0.792 0.740 1.402 0.021 
2157 3 0.125 0.616 0.439 1.566 
2159 14 0.134 0.482 -0.156 3.833 
2163 7 0.893 0.870 6.243 0.016 
2164 4 1.000 0.894 7.526 0.448 
2165 18 0.931 0.891 7.367 0.162 
2166 41 0.073 0.079 -4.404 0.010 
2167 4 0.031 0.073 -4.955 0.065 
4195 12 0.340 0.251 -1.273 0.240 
4199 12 0.656 0.731 1.137 0.163 
5205 7 0.027 0.102 -2.519 0.296 
5208 12 0.021 0.053 -7.252 0.161 
5209 6 0.476 0.872 6.308 2.701 
Table 5.5. Observed (p) and expected (pexp)  enzyme allele frequencies obtained 
from the one dimensional dine model of the Peéenica data. Sites in bold type 
contributed more than two units of log likelihood to the model. R is the distance 
in km from the centre of the dine. 
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A stepped model was fitted, comprising a central tanh curve (p = 1 + tanh [2(x-
y)/w]/2), flanked by two exponential tails, in which allele frequency declines at a rate 
of exp(-4x'I0/w). Using a logistic transform [z = log(p/q)] on the allele data results 
in the plot of allele frequency against distance from the centre of the dine to appear 
as three straight lines (figure 5.17). The initial parameter ranges and MLL estimate 
values are given in table 5.4. 
The likelihood for each individual site used in this analysis is given in table 5.5, 
which also provides the expected allele frequencies under the most likely model. Six 
sites (1054, 1055, 1110, 1113, 2159 and 5209) contributed more than two units of 
log likelihood to the total: the probability of the model for these sites is p < 0.05. 
5.5.2 Fitting the habitat variables 
The seven habitat variables extracted from the topographical maps and SPOT 
satellite image were tested against the model obtained above. Models contained only 
one habitat variable (denoted as 3 in the analysis) at a time to determine which, if 
any, offered a significant improvement over the best fit previously obtained. Table 
5.6 shows the results of this analysis: none of the variables tested appeared to have a 
major impact on the estimated centre or width of the dine, and that the satellite forest 
variable was the only one to give a significant improvement to the fit, reducing the 
maximum log likelihood by 2.533 (p  <0.05). 
Map Satellite 
Forest Contour Altitude Forest Rough Pasture Arable 
Centre -0.154 0.101 -0.309 0.079 -0.022 -0.111 -0.114 
Width 4.406 4.213 4.501 4.462 4.350 4.404 4.444 
0.000 0.212 0.022 0.010 -0.042 -0.012 -0.042 
Log(L) 39.553 40.512 40.957 38.469 39.138 39.903 39.718 
s.d. 105874 1.520 19.420 22.740 6.190 12.370 5.551 
J3* s d 0.169 0.323 0.430 0.223 -0.257 -0.143 -0.235 
ALog(L) 1.450 0.491 0.046 2.533 1.865 1.099 1.285 
Table 5.6. Details of the best fits found for each of the habitat variables used in 
turn. Only the satellite image derived measure for forest cover gives a significant 
change in the Log Likelihood (bold type). Barrier strengths and rates of decay 
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Figure 5.18. (i) Fitted widths and (ii) dine centres for each of the habitat models 
tested. The coloured line shows models with two fitted parameters ((x, the 
pond/puddle measure; 3, the habitat variable shown on the x-axis). The black line 
shows models with a single habitat parameter, P. The broken line shows (i) the 
width or (ii) the dine centre obtained in the best model with no habitat 
information. 
As a final test, the pond/puddle parameter described by MacCallum (1994) was fitted 
to the data. giving a MLL of -36.8917 (i.e. AlogL = 4.11). This variable (denoted as 
(x in the analysis) categorises sites into 'ponds', habitat typical of B. bombina, or 
'puddles', habitat typical of B. variegata, on the basis of four environmental 
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measures: percent emergent vegetation, water depth, percent shore vegetation and 
water body width (see chapter three, section 3.2.5). Models consisting of this 
measure and one of the other habitat variables (p3) were tested, giving the results 
shown in table 5.7. None of the variables used offer any significant improvement to 
the fit when the pond/puddle measure is included in the model. The effect of the 
pond/puddle variable on the fitted widths and centres for each of the habitat models 
is shown in figures 5.18i and 5.18ii respectively. 
Map Satellite 
Forest Contour Altitude Forest Rough Pasture Arable 
Centre -0.159 0.150 -0.310 -0.112 -0.031 -0.122 -0.115 
Width 4.492 4.303 4.621 4.508 4.470 4.479 4.489 
a 0.690 0.802 0.808 0.668 0.668 0.752 0.736 
13 0.000 -0.265 0.020 0.005 -0.035 -0.003 -0.014 
Log(L) 36.429 36.304 36.717 36.405 35.830 36.820 36.777 
ALog(L) 0.462 0.588 0.175 0.486 1.062 0.689 0.115 
Table 5.7. Details of the best fits found for the habitat variables in models 
including the pond/puddle measure (a) from MacCallum (1994). None of the 
variables offer any additional improvement in the maximum log likelihood. 
Barrier strengths and rates of decay (0) were fixed (Bombina bombina: 0.800, 
0.026; B. variegala: 0.536, 0.0373) respectively. 
5.5.3 The multi-locus dine 
A similar analysis was carried out using data for mean spot score values in the 
Peéenica region. Fitting a dine to quantitative trait data is more complex than for 
single locus data. The main problem is that in addition to the mean, the variance must 
also be estimated for each site. As discussed earlier, this presents a problem for sites 
with small samples. A quadratic fit will always give positive values for the expected 
in mean spot score variance. Using the full likelihood for the model: 
Log(L) = _ 	ni[ Log[v]+ 1 + (z - 	J (5.1) . 	n 1 ) v, 	v 1 
where n is the number of sites, z is the mean spot score, s is the sampled variance 
and v 1 is the predicted variance, allows both the sample mean and variance to be 
132 
5. GEOSPATIAL AND ECOLOGICAL ANALYSES 
estimated at the same time (N. Barton, pers. commun.). Initial values for the 
quadratic estimate of the variance were obtained using the JMP statistical software 
package (0.1.5, SAS Institute), giving the expected variance as v = (-2.04 + 1.852z 
- 0.22Z2), where z is the mean spot score at each site. Because the variance in mean 
spot scores must always be positive, the form v = exp(a + bz + cz2) was used in the 
model fitting procedure. The initial parameter values and those obtained using the 
FindMinimum routine for the model specified by equation 5.1 are shown in table 5.8. 
The estimated distance of sites from the dine centre is shown in figure 5.19 and the 
observed and fitted expected variance are shown in figure 5.20. 







Table 5.8. Parameter values obtained for the centre and width of the dine in 
ventral colouration. 
The expected mean trait values obtained in this analysis are plotted with the expected 
mean enzyme values obtained in section 5.5.1, and show a close agreement if the 
restricted range of the spot score trait is taken into consideration (figure 5.21). 
CZ 
-15 	-10 	-5 	 5 	 10 	 15 
Distance from dine centre (km) 
Figure 5.19. Mean trait values and their distance from the centre of the most 
likely dine. The line shows the expected mean values at the maximum log 
likelihood for a model with no habitat information. 
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'I 
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Figure 5.20. Observed variance of mean spot score values (scaled between 0 and 
1). The line shows the expected variance at the maximum log likelihood, 
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Figure 5.21. Expected values for the enzyme and spot score traits obtained from 
the dine fit yielding the maximum log likelihood. 
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5.5.4 Fitting the habitat variables 
The habitat variables were tested using the same method as for the enzyme dine, 
fitting one variable at a time (table 5.9). The habitat variables vary greatly in 
magnitude (in particular, the measures for forest cover and contour density), and to 
enable estimates for their effect on the fitted dine to be compared they were scaled 
by their standard deviation. As for the enzyme data, the satellite-image derived forest 
measure gave the best improvement in the MLL (AL0gL = 5.89, with one degree of 
freedom): this time, however, the pasture and arable variables also gave a significant 
improvement (LogL = 2.80 and 3.91 respectively, with one degree of freedom). 
As for the enzyme dine, fitting the pond/puddle single habitat variable gave the best 
improvement in the MLL (AL0gL = 21.14, with one degree of freedom: table 5.10). 
The three habitat variables that significantly improved the no-habitat model, the 
satellite-derived measures of forest, pasture and arable cover, were given as 
additional parameters for the model containing the pond/puddle variable (results 
shown in table 5.10). A marginal improvement was obtained, but this was not 
significant at the 5 percent level. 
The shift in estimated dine centre resulting from the addition of habitat parameters to 
the model is shown in figure 5.22. 
Map Satellite 
Forest Contour Altitude Forest Rough Pasture Arable 
Centre -0.073 0.007 -0.531 -0.015 -0.065 -0.111 -0.114 
Width 4.869 4.255 4.715 4.785 4.398 4.404 4.444 
3 0.000 -0.144 0.042 0.011 -0.014 -0.015 -0.056 
Log(L) -1248.100 -1247.800 -1247.600 -1242.400 -1247.800 -1245.500 -1244.400 
s.d. 105874.000 1.520 19.420 22.740 6.190 12.370 5.551 
3* s d 0.101 -0.219 0.807 0.253 -0.087 -0.184 -0.308 
tLog(L) 0.260 0.500 0.720 5.890 0.490 2.800 3.910 
Table 5.9. Maximum log likelihood values obtained for models containing single 
habitat parameters, with associated spot score chine centre and width values. Note 
that each habitat parameter fI is scaled by its standard deviation to allow 
comparisons of the relative effects for each variable. 
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Satellite 
Forest Pasture Arable Pond/Puddle 
Centre 1.6379 -0.0086 0.1389 0.0696 
Width 4.611 4.817 4.7867 4.943 
a 0.8938 1.2844 1.8649 1.5469 
- 0.0034 0.0013 -0.0068 
Log(L) -1226.21 -1224.7 -1224.9 -1224.5 
s.d. 0.418 22.74 12.37 5.551 
* s.d - 0.0773 0.0161 -0.0377 
ALog(L) 21.14 1.47 1.29 1.69 
Table 5.10. Maximum log likelihood values and parameter estimates for models 
including the habitat measure of pond/puddle. a indicates the strength of the 
association with the pond/puddle variable; 0 indicates the strength of the 
association with one of the additional parameters, forest cover, pasture or arable. 
iLog(L) values for forest, pasture and arable are the improvement in the MLL 
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Figure 5.22. Shift in dine position resulting from the addition of habitat 
information to the model. The coloured line represents the position of the dine in 
the absence of habitat information, the solid black line shows the most likely 
position of the cline given the pond/puddle data, and the three broken lines show 
the most likely position of the dine with both pond/puddle and one of the other 
habitat parameters fitted. 
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5.6 DISCUSSION 
In this chapter the effect of spatial scale was considered using a subset of the habitat 
data extracted from 1:25 000 scale topographical maps and the SPOT false colour 
composite image. Using the Metropolis algorithm, enzyme data were tested at a 
range of spatial scales in models containing single habitat parameters: no significant 
improvement to the model with no habitat information was found, either in terms of 
the parameters fitted or the scale at which they were sampled. This might have been 
due in part to the relatively small sample of sites analysed; alternatively, it could 
indicate that the effects of the ecological parameters used on the dine at Peéenica 
are relatively minor compared to the balance between migration and selection against 
hybrids that maintains the tension zone. 
Using a slightly different methodology, and a larger sample size, the effects of 
ecological parameters at a fixed scale of radius = 300 metres were assessed. For both 
the enzyme and spot score dines the measure of forest cover extracted from the 
satellite image yielded a significant improvement to the model. In the case of the spot 
score dine, the pasture and arable parameters also improved the model, but the effect 
was not as great. This effect could well be the result of a negative association 
between these two parameters and the measure of forest cover (see section 5.3.3, 
figure 5.8i). 
The variable that provided the greatest change in the maximum log likelihood for 
both dines was the pond/puddle habitat classification developed by MacCallum 
(1994). The effect was consistently apparent with the addition of a second ecological 
parameter to the model (figures 5.16, 5.17 and 5.21). It seems likely that there is 
some degree of association between this variable and the simple environmental 
measures used here, although the precise nature of the relationship is presently 
unknown. 
In the following chapter, I develop this analysis further by examining the data 
obtained from the Crna Mlaka region. The first part of the chapter describes the 
137 
5. GEOSPATIAL AND ECOLOGICAL ANALYSES 
sampling region and presents the results of analyses using the spot score data 
collected in 1996. I then examine the effect of three ecological parameters on the 
dine, before discussing the results in relation to those obtained here for the Peáenica 
transect. 
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6. THE CRNA MLAKA TRANSECT 
6.1 INTRODUCTION 
IN 1996 I conducted fieldwork in the Crna Mlaka region of Croatia. Bombina had 
previously been found in the region (Arntzen, pers. commun.), but it was not clear 
whether a hybrid zone existed there. If one was found, several interesting questions 
could be addressed regarding the way in which the local geography might affect the 
nature of the hybrid zone. The question of how the population of B. bombina could 
persist is particularly intriguing: the region is enclosed by a discontinuous, roughly 
circular chain of hills and the point of entry for the lowland-dwelling B. bombina 
seems to be restricted to one of only three routes. Two of these are afforded by the 
Kupa river valley in the south, the third being across a slight depression in the 
heights of the hills to the north, over an area vaguely resembling, and hereafter 
referred to as the 'saddle'. The proximity of the region to the Peéenica transect 
could also enable comparisons of the two regions to be easily made, as the broad 
scale climatic conditions are very similar. 
In addition to surveying and mapping the distribution of Bombina populations, 
habitat data were subsequently extracted from topographical maps of the area to 
enable a similar analysis to the one described in chapter 5; namely, to assess the 
additional explanatory power offered by measures of environmental variation in 
accounting for the position, width and other characteristics of the dine. An obvious 
development of this analysis was to compare and contrast the genotypic distribution 
in Crna Miaka with that in Peáenica, with the aim of resolving differences between 
them in terms of ecological variation. 
Finally, the addition of another Croatian transect to those already studied should 
enable comparisons between transects along the length of the Bombina hybrid zone 
in Europe. One question arising from previous studies was whether the differences 
between the Polish (e.g. Szymura & Barton, 1986) and Croatian (e.g. MacCallum, 
1994) transects could be explained at least in part by the fact that they were 
composed of different subspecies of Bombina. The comparison of two adjacent 
transects should enable this factor to be removed from the equation. 
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6.2 DESCRIPTION OF THE SITE 
Ribnjak Crna Miaka (45°37'30"N, 15°45'00"E) is an artificial lake used in the 
production of list, or carp. It is one of three such lakes (the others are Ribnjak 
DraganIcI and Ribnjak Pisarovina) that lie in a roughly circular lowland plain 
approximately 35 kin south west of Zagreb. The plain is used almost exclusively for 
commercial forestry, interspersed by arable agriculture. The lakes are enclosed by 
forest plantations, which are used for hunting purposes (both game and wildfowl) and 
provide excellent habitat for Bombina in some of the clearings and forest edges. 
The plain is encircled by hills on all sides except the south, where it is bounded by 
the Kupa river. The river has historically marked the northern limit of a region 
known as Krijena, which was heavily contested during the latter stages of the Balkan 
conflict. Many buildings were destroyed along both sides of the river, bridges were 
brought down, and the area was left littered with land mines. During the time when 
this study took place, the area to the north of the river had been declared as safe, but 
the region to the south and the river itself were still dangerous. For this reason it was 
decided that the river would form the southern boundary to the study site, and 
populations were not sampled beyond that limit. 
The north-western side of the region is transcribed by three major features: two main 
roads and a railway line. It is quite possible that they have had some influence on the 
distribution and movement of toad populations. However, the nature and extent of 
any influence is not clear: on the one hand they might present barriers to dispersal, 
and on the other they could have aided migration by acting as corridors (road and rail 
side verges tend to be relatively undisturbed habitats). To reduce any effects of 
anthropogenic disturbance, sampling was therefore restricted to the south eastern half 
of the region (i.e. those areas to the east and north of the railway and Kupa river 
respectively). An exception was made in the north, where sampling took place in the 
hilly areas on both sides of the railway (figure 6.1; reprinted from figure 2.7 for 
convenience) to characterize populations located on the 'saddle'. 
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Figure 6.!. The Crna Miaka region, with site locations and mean spot score 
values. Note the position of the three main lakes, the roads and railway running 
from the southwest to the northeast, and the lower boundary of the Kupa river. 
Some sites have been excluded from this figure in order to show the majority at a 
readable size. The additional sites are located beyond the extreme northwest and 
southeast corners of the map shown here. Reprinted from figure 2.7 for 
convenience. 
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Two major features distinguish Crna Miaka from the Pedenica region; these are that 
the sampling area is substantially larger, and that the topography is rather different. 
The roughly circular basin formed by the encircling hills presents a somewhat more 
complex habitat than the one studied at Peéenica. This complexity could have a 
significant effect on the way populations are distributed and thus on the structure of a 
hybrid zone. Assuming that B. bombina occupy the low lying central plain and B. 
variegata the surrounding hills (see chapter 2), there seems to be greater potential for 
gene flow into the central plain than in the opposite direction, but this could depend 
on the densities of respective populations. Bombina bombina has a tendency to 
displace B. variegata (e.g. Arntzen, 1978), which could presumably moderate the 
effects of continual pressure placed on enclaves of B. bombina. Such a balance might 
be important in maintaining the hybrid zone at Crna Miaka. 
6.3 DESCRIPTION OF THE DATA 
Fieldwork took place between April and July 1996, during which time a total of 854 
toads were sampled from 100 sites. For each toad, ventral pattern spot scores were 
recorded and one digit was removed for the purposes of marking previously caught 
individuals as described in chapter 3. These samples were stored in liquid nitrogen 
and await enzyme/DNA microsatellite analysis in the future. Spot scores for each 
toad are given in appendix I, and summary data for each site appear below (table 
6.1). 
As observed in the Peéenica transect, populations with a mean spot score towards 
the centre of the range tend to have a higher variance than those towards the limits 
(figure 6.2). Again, this is compounded by the relatively low numbers of individuals 
caught at sites where the mean spot score was between around 3.5 and 5 (figure 6.3). 
This required that the method outlined in the previous chapter for obtaining estimates 
of the variance for sites with small sample sizes be employed in the dine fitting 
analysis of the Crna Mlaka data. 
143 
6. THE CRNA MLAKA TRANSECT 
12 
10 • 	 . 
8- 
C) 	 S 
. S 
4 - 	 S 5 	• S • 	
Size. 
	
•• 	• 	. 	S S 	• 
2 • 	 S •••S•• • S 
•• • . 	. 	• 
• 	• 	••. S • • • • 
0 	 I 4 	• 	 I 	 • 
0 2 	4 6 	8 10 
Mean trait value 
Figure 6.2. Variance in mean spot scores at Crna Mlaka. The fitted line shows 
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Figure 6.3. Relationship between mean spot score and the number of toads 
caught at each site sampled at Cma Miaka. Note the small samples obtained for 
sites with a mean spot score located near to the centre of the range. 
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Site X V N Mean Variance Altitude Forest Contour 
It 635 633 4 0.675 0.031 150.30 83.97 3.00 
3t 622 642 4 0.650 0.012 185.00 46.17 3.63 
4t 614 643 3 0.550 0.008 207.00 159.88 2.03 
St 603 614 5 0.800 0.015 146.00 71.21 2.01 
7 624 546 10 0.625 0.060 120.00 76.36 1.66 
10 720 504 2 0.725 0.011 127.00 77.67 5.41 
Ii 663 453 1 0.600 0.000 106.00 39.23 1.47 
12 643 445 1 0.100 0.000 106.00 0.00 0.59 
15 524 452 13 0.219 0.027 108.00 192.90 1.43 
17 556 464 4 0.175 0.009 108.10 184.82 0.63 
20 757 515 2 0.700 0.005 135.00 36.05 3.53 
21 736 441 5 0.460 0.004 117.00 71.55 2.44 
22 718 444 2 0.700 0.005 145.00 109.91 3.25 
23 588 476 6 0.417 0.029 108.00 191.59 1.65 
24 548 485 12 0.242 0.026 107.60 185.91 1.07 
25 760 416 8 0.575 0.017 151.00 87.82 2.68 
26t 776 376 39 0.155 0.010 105.00 11.66 1.83 
27 147 673 3 0.417 0.036 * 156.28 4.06 
28 142 674 3 0.783 0.026 * 196.32 3.47 
29 568 520 72 0.176 0.017 111.00 103.57 0.00 
30 576 496 12 0.254 0.010 110.00 99.75 0.00 
31 547 530 22 0.300 0.057 109.00 132.66 0.58 
32 639 430 3 0.167 0.006 106.00 0.00 0.28 
33 700 478 1 0.450 0.000 143.00 66.05 3.22 
34 737 576 8 0.788 0.005 190.00 43.60 3.15 
35 729 529 1 0.500 0.000 207.00 144.86 5.37 
36 702 514 6 0.617 0.034 197.00 196.46 5.00 
37 696 510 4 0.700 0.007 205.00 198.95 5.74 
38 712 496 30 0.590 0.022 177.00 190.25 4.61 
39 720 488 5 0.630 0.016 142.00 156.99 3.39 
40 721 484 4 0.638 0.022 156.00 152.03 3.95 
41 684 507 5 0.670 0.026 157.00 56.21 2.98 
42t 731 388 24 0.663 0.031 152.00 180.08 2.80 
43t 726 392 7 0.579 0.043 116.00 85.03 2.78 
44 430 390 9 0.817 0.023 * 198.15 3.11 
45t 728 382 5 0.660 0.077 111.00 2.93 1.63 
46t 725 385 2 0.575 0.001 109.00 16.67 1.26 
47t 765 378 8 0.194 0.014 146.00 127.87 3.85 
48t 	1 764 1 	376 30 0.247 0.037 1 	145.00 	1 91.26 1 	3.66 
Table 6.1. 
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Site X Y N Mean Variance Altitude Forest Contour 
49t 766 383 3 0.400 0.040 141.00 28.42 2.42 
50t 761 383 5 0.130 0.002 145.00 46.51 2.80 
51t 760 380 6 0.300 0.100 140.00 70.80 2.53 
52t 748 380 4 0.688 0.061 148.00 148.99 3.58 
53T 759 383 15 0.600 0.069 149.00 109.85 2.96 
54t 755 385 11 0.673 0.030 150.00 178.58 2.64 
55 637 472 5 0.470 0.096 111.70 0.00 0.00 
561 738 379 8 0.519 0.111 145.00 44.60 3.51 
571 737 382 4 0.513 0.027 136.00 130.23 3.41 
58t 736 384 10 0.575 0.029 143.00 159.79 3.32 
59 654 541 3 0.617 0.031 145.00 88.61 2.32 
60 650 545 6 0.508 0.006 146.00 61.73 2.53 
61 655 556 25 0.618 0.025 171.00 192.70 3.60 
62t 607 609 4 0.400 0.005 150.60 99.11 1.32 
63t 614 614 3 0.450 0.093 155.00 108.10 1.87 
64t 618 614 10 0.560 0.019 146.90 123.53 2.48 
65t 625 623 3 0.700 0.018 167.00 92.21 1.91 
66t 619 638 4 0.600 0.042 194.00 186.65 1.81 
67f 654 635 2 0.725 0.011 130.00 165.24 1.24 
68t 663 609 12 0.613 0.020 140.00 20.19 1.63 
69 605 564 5 0.590 0.033 120.00 52.30 0.81 
70 622 561 1 0.600 0.000 137.00 0.00 1.13 
71 552 530 20 0.348 0.040 109.00 145.31 0.00 
72 584 564 5 0.500 0.051 119.00 94.44 0.90 
73 585 552 6 0.483 0.015 116.00 62.60 0.87 
74 584 544 1 0.550 0.000 122.00 52.22 0.61 
75 571 593 2 0.525 0.001 132.00 90.83 0.29 
76 570 585 2 0.475 0.011 126.00 76.72 0.71 
77 567 552 7 0.593 0.015 116.00 3.75 0.32 
78 567 546 4 0.438 0.006 112.00 182.61 1.11 
79 531 556 8 0.506 0.040 110.00 89.09 0.65 
80 589 481 2 0.550 0.045 108.50 189.39 0.95 
81 586 493 6 0.175 0.035 108.00 5.76 0.40 
82 581 500 6 0.358 0.034 110.00 116.96 0.29 
83t 659 594 15 0.583 0.041 185.00 156.02 2.72 
84t 648 604 15 0.533 0.017 170.00 34.91 2.13 
85t 641 595 15 0.593 0.031 150.00 64.84 2.32 
86 620 586 26 0.671 0.019 145.00 154.17 2.77 
87 1 605 1 584 2 0.725 1 	0.011 1 	124.00 1 	0.00 1 	0.38 
Table 6.1. cont'd 
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Site X Y N Mean Variance Altitude Forest Contour 
88 557 428 1 0.600 0.000 107.00 100.85 0.73 
89 565 424 2 0.300 0.005 107.00 105.42 1.05 
90 564 426 11 0.532 0.066 107.00 139.42 0.70 
91 563 533 31 0.290 0.057 110.00 164.65 0.00 
92 512 435 2 0.500 0.000 110.00 191.86 0.04 
93 521 446 4 0.425 0.058 109.00 102.13 0.00 
94 499 424 2 0.700 0.000 114.00 142.92 0.54 
95t 607 679 16 0.681 0.009 180.00 168.27 4.17 
96 707 563 6 0.658 0.022 185.00 69.18 4.49 
97 702 564 8 0.613 0.005 146.00 136.91 3.91 
98 690 562 10 0.635 0.017 217.00 200.81 4.59 
99 491 477 8 0.206 0.017 111.20 32.46 0.58 
100 620 527 9 0.556 0.020 112.00 66.12 0.38 
101 648 517 4 0.688 0.022 120.00 51.07 1.91 
102 623 496 9 0.567 0.046 110.00 193.84 0.42 
103 662 501 14 0.579 0.057 124.00 74.86 0.57 
104 626 463 3 0.250 0.018 110.00 0.03 0.46 
105 510 470 3 0.167 0.016 110.00 187.49 1.18 
106 515 504 1 0.400 0.000 110.00 188.01 0.37 
107 520 487 11 0.241 0.012 110.00 170.59 0.30 
108 1 	651 1 452 1 	5 1 	0.510 0.112 1 	107.00 1 	0.00 0.00 
Table 6.!. Data collected at Crna Miaka, with the map variables extracted for 
each site. tSites located at the 'saddle', tsites located along the Kupa river. 
* denotes missing values. See text for details. 
6.3.1 The habitat data 
Three habitat variables were extracted from 1:25 000 scale maps of the region, using 
the method described in earlier chapters. Measures were obtained for site altitude in 
metres above sea level by interpolation of the nearest contour lines to the location of 
each site. Values for forest cover and contour density were obtained for each site 
from a circular region of radius 300 m. These values are shown in table 6.1. Tests for 
correlations show no obvious association between the forest measure and either 
contour density or altitude (correlation coefficients of 0.229 and 0.248 respectively), 
but there is a clear relationship between contour density and altitude (figure 6.4; 
correlation coefficient = 0.764). This is to be expected: more mountainous regions 
have a tendency to be more undulating. In spite of this association, and with regard to 
the issues raised in chapter 5 concerning independence of measures, there is a subtle 
difference between these two variables. In fact, the addition of both variables to the 
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same model should help to resolve the question of whether it is the absolute altitude 
which limits the ranges of the two Bombina taxa, or the relief of the landscape, which 
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Figure 6.4. The relationship between site altitude and contour density 
(correlation coefficient = 0.764). 
No obvious relationship between forest cover and population mean spot score was 
discovered (figure 6.5i). There is some suggestion that a relationship exists between 
mean spot score and contour density (figure 6.5ii), and a strong indication that mean 
trait value and altitude are associated (figure 6.5iii). However, the strength of this 
association seems to reside in the fact that B. bombina-like populations appear to be 
restricted to the lower parts of the Crna Mlaka region, which could simply be an 
accident of the local geography, rather than any meaningful correlation. 
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Figure 65. Relationship between spot score and (i) forest cover, (ii) contour 
density and (iii) altitude for the Crna Miaka data. 
149 
6. THE CRNA MLAKA TRANSECT 
6.4 FITTING A CLINE 
The geography of the Crna Miaka region tends to suggest that the hybrid zone does 
not follow a straight path. Moreover, it is difficult to determine the approximate 
shape of the hybrid zone using the same methods as for the Peáenica hybrid zone, 
i.e. by fitting a dine in two dimensions and allowing the Metropolis algorithm to find 
the position of the dine centre which gives the best fit. Although a reasonably large 
sample in terms of the number of individuals and locations recorded was collected, 
the size of the region studied and the complexity of the dine fitting procedure mean 
that a two dimensional analysis is prone to error: random fluctuations between sites 
have a large effect on the position of the fitted dine. Attempts to fit the dine in two 
dimensions were unsuccessful: the algorithm was unable to find a global optimum, 
indicating that the likelihood surface has little to distinguish local optima from one 
another: it could be rather flat, with only small differences between peaks and 
valleys. Collapsing the data onto a single dimension offers an alternative method, 
although an appropriate line transect was not apparent from a visual inspection of the 
data alone. The following section describes the method used to find a suitable 
transect. 
6.4.1 Fitting a line transect through the Crna Miaka region 
An alternative method was developed to determine the most plausible transect along 
which to collapse the data. The distances from all sites were measured from a grid of 
points across the sampling area and the correlation between these distances with the 
mean spot score was calculated. This resulted in a table of correlation coefficients 
(table 6.2) from which a contour plot was generated by interpolation: this was plotted 
using the JMP statistical graphics package (v 3.1.4, SAS Institute, NC, USA). 
Contours were generated by interpolating the values of the correlation coefficients 
between neighbouring points on the grid, and linking together similar values. In 
figure 6.6, the central red contour indicates the line along which a correlation 
coefficient of zero was given. 
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Eastings 
520 560 600 640 680 720 760 800 
640 -0.0817 -0.1688 -0.2682 -0.3637 -0.4468 -0.5142 -0.3889 -0.3938 
600 0.0030 -0.0926 -0.2201 -0.3482 -0.4575 -0.5303 -0.3800 -0.3809 
560 0.1224 0.0361 -0.1157 -0.2997 -0.4491 -0.5145 -0.3614 -0.3575 
520 0.2636 0.2162 0.0707 -0.1685 -0.3671 -0.4235 -0.3297 -0.3211 
Z 480 0.3816 0.3681 0.2802 0.0727 -0.1609 -0.2516 -0.2747 -0.2707 
440 0.4316 0.4402 0.4083 0.2631 0.2638 -0.0739 -0.2071 -0.2133 
400 0.1153 0.0773 0.0171 -0.0516 -0.1042 -0.1317 -0.1443 -0.1597 
360 0.1300 0.0860 0.0320 -0.0229 -0.0649 -0.0891 -0.1024 -0.1223 
Table 6.2. Correlation coefficients for mean spot scores and distances of sites 
from the origins depicted in the column and row headings, which correspond to 
the last three digits in the eastings and northings respectively. 
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Figure 6.6. Contour plot for the correlation coefficients interpolated from the 
data shown in table 6.2. The red line shows a correlation of zero: lines to the west 
indicate a negative value and those to the east a positive value. Note the effect 
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Contours to the west of this follow equivalent correlation values at intervals of 0.05, 
such that they indicate lines of correlation of -0.05, -0.1, -1.5 and so on. Those to the 
east represent positive lines of correlation rising in 0.05 increments. The important 
point is that the effectiveness of this method relies not on the absolute value of the 
correlation coefficient for any given site, but rather for the distribution of those 
values across the whole region. Thus a point lying on the centre of the dine from 
which the distances of all sites had been measured would be expected to give a 
correlation coefficient of zero, as there would be (in principle) as many mean spot 
score values below 0.5 associated with distance as those above 0.5. Figure 6.7 





Distance 	 Distance 	 Distance 
Bombina bombina 	 Cline centre Bombina variegata 
Figure 6.7. The relationship between distance from the point of measurement and 
mean trait value. When the point of reference is on the Bombinci bombina side of 
the dine, the observed trait value will increase with distance from that point, 
giving a positive correlation. The opposite will be true for reference points on the 
B. variegata side of the dine. At the centre of the dine, the trait value for any 
given distance should be towards B. bombina in half of the cases and B. 
variegala for the other half. Such a distribution would yield a correlation 
coefficient of zero. 
The plot depicted in figure 6.6 indicates that the sites sampled along the Kupa valley 
in the south eastern part of the Crna Mlaka region (i.e. sites 26, 42, 43, 45—*54, and 
56—*58) have a marked effect on the predicted centre of the dine. This was not 
unexpected, and in view of the possible importance of these populations as a barrier 
to movement by B. bonibina, the decision was made to reanalyse the data with those 
sites excluded. Their removal can be defended on the basis that they are not part of 
the transect presently being studied, and as such their inclusion could have a 
confusing effect on the outcome of any analysis. 
152 
6. THE CRNA ML4KA TRANSECT 
One further point should be made regarding the contour plot shown in figure 6.6. The 
dine appears to curve around sharply towards the west, but there are very few data to 
generate such a curve. This is likely to be an artefact of the methodology: although 
the contour plot does follow rather closely the geographical topography of the region, 
the lack of sites to the south of the region means there is too little evidence to support 
using a dine of this shape. Instead, restricting the analysis to the part of the sample 
region above the curved section, the fitted line can be approximated to the line y = x, 
which would provide a convenient basis on which to analyse the data. Further 
sampling in the south of the region would be required before increasing the 
complexity of the model to take into account the curve fitted above. The problem is 
compounded by the fact that the line corresponds to the path of the Kupa river, the 
effects of which on the shape of the dine are at present unclear. On these grounds, 
the decision was taken to fit a straight line transect across the region, the line of the 
transect being defined as y = x. 
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Figure 68. Contour plot for interpolated correlation coefficients, omitting the 
sites in the south east of the region. The black line shows a correlation of zero: 
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The map constructed from the reduced sample (i.e. omitting the sites in the south east 
region) illustrates that this is a reasonable approximation, as the transect runs 
perpendicular to the centre of the dine predicted by the correlation method (figure 
6.8). 
The perpendicular distance of each site from the transect was measured. This 
replaced the coordinate values of each site with two more variables: its distance from 
the transect (r), and the distance from that point on the transect to some arbitrary 
origin (d), taken here as y = 0 for convenience (figure 6.9). 
(0,0) 
Figure 6.9. Method employed to place the data on a one dimensional transect. 
See text for explanation. 
A plot of mean spot score against the value obtained for the distance from the origin 
confirms that it offers a reasonable approximation to a transect running perpendicular 
to the straightened dine (figure 6.10). At this point, a further seven sites from the 
south western part of the transect were excluded from the analysis. These sites were 
the ones which caused the correlation contour plot to curve round to the west, and 
their removal was again justified on the basis that they were not part of the linear 
transect being considered. 
A plot of the variance in spot scores at the remaining sites in relation to their position 
along the transect reveals the characteristic increase towards the centre (figure 6.11). 
The symmetry of the distribution provides further evidence that the transect chosen 
was a close approximation to the position of the dine. 
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Figure 6.11. Variance in mean trait (spot score) value against distance along the 
transect. 
6.4.2 Fitting the one dimensional dine 
The method employed to fit a model was the same as that described in chapter 5 
(section 5.5), using the Mathematica FindMinimum routine to estimate the centre and 
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width of the dine in a one dimensional transect. The sample at Crna Miaka was not 
large enough to accurately estimate the parameters for the quadratic equation to 
obtain values for the expected variance. The values used were therefore the same as 
those estimated for the Peéenica transect. A simple logistic dine was fitted to the 
data, giving estimates of 10.68 km for the centre of the dine and 8.607 km for the 
width. The value for the centre of the dine was measured relative to the origin of the 
transect: inspection of figure 6.10 above shows that this value agrees closely with the 
apparent dine centre. 
6.5 FITTING A CLINE WITH ECOLOGICAL PARAMETERS 
The three habitat variables tested in this analysis were extracted from 1:25 000 scale 
topographical maps as described previously, with the measures for forest cover and 
contour density being the total amount of coverage in a circular region of radius 
300 in centred on each site. Altitudes were estimated by interpolating between the 
nearest contour lines. Contour plots were generated using the JMP statistical graphics 
package to visually inspect the distributions of these variables in relation to the fitted 
transect (figures 6.12 -* 6.14). 
Estimates for the position and width of the dine were obtained for models containing 
single habitat parameters, and the values for the maximum log likelihood are given in 
table 6.3. The contour density variable was found to give a significant improvement 
in the model compared with the best fit obtained without habitat information. 
	
Centre 	Width 	 s.d. 	B *s d 
Forest 	10.699 	8.495 	-715.589 	0.471 	0.002 	63.258 0.123 
Contour 9.933 9.853 -702.665 13.395 2.034 1.486 	3.022 
Altitude 	10.746 	8.854 	-715.963 	0.097 	0.002 	28.722 0.070 
Table 6.3. Estimated parameters for the Crna Miaka transect with habitat 
variables. Values for 0 (shift in the dine width) are scaled by the standard 
deviations of the habitat variables because their ranges differ substantially. Thus 
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Figure 6.12. Interpolated isoline plot for the forest cover measure (using sample 
regions of 300 m radius around each site). 
ItA 









450 	500 	550 	600 	650 	700 	750 	800 
OEM- No 
0 
Contour density 11 
Figure 6 13. Interpolated isoline plot for the contour density measure (using 
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Figure 614. Interpolated isoline plot for the altitude measure (interpolated from 
the nearest contour lines to each site). 
The finding that the contour density variable offered an improvement in the one 
dimensional model was not unexpected. Crna Mlaka is far more variable in terms of 
its topography than Peéenica, and given that the broad scale distribution of Bombina 
is to some extent determined by landscape relief the result was encouraging. 
However, the lack of improvement resulting from the addition of the forest density 
measure was somewhat unexpected, given that it was the only variable producing a 
reliably significant improvement to the Peéenica data. The implications of these 
findings are discussed below. 
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6.6 POSSIBLE MECHANISMS MAINTAINING THE CENTRAL BOMBINA 
BOMBINA POPULATION 
One mechanism by which the central B. bombina populations could persist is through 
a continual influx of migrants from outside the enclosed region. From the topography 
of Crna Miaka and its surrounds (figure 6.1) it is not obvious how this could occur, 
as although there are several potential routes they are all doubtful for one reason or 
another. The principle points of access are: 
• Along the Kupa river from either the west or east. 
• Over the 'saddle' formed by a break in the hills to the north. 
• Along the various man-made corridors, namely the two main roads and the 
railway line. 
The riparian routes at first seem to offer promise: however, there are several 
objections to this hypothesis. The river Kupa is a large, relatively fast flowing water 
course and as such would not be attractive to Bombina during dispersal. Whilst it is 
still possible that some individuals do find their way towards the central region via 
this route, it is most likely that they are 'accidentals'. Although the ability of rare 
long distance migrants to establish pioneer populations cannot be discounted (N. 
Barton, pers. cominun.), such individuals would have to run something of a genetic 
gauntlet in order to pass through the B. variegata-like populations that occupy the 
western end of the Kupa valley (see figure 6.15). This barrier hypothesis is supported 
by evidence from a number of sites sampled in the south eastern part of the Crna 
Mlaka region. The observed distribution appears to show a transition from 
B. bombina-like populations in the east to more B. variegata-like ones in the west 
(figure 6.16), and thus implies that the steep valley sides provide an effective barrier 
to movement by B. bombina along the river. 
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Figure 6.15. Sites in the south eastern sector of the sample region showing a 
transition from Bombina bombina-like populations in the east to B. variegata-
like populations in the west. The latter might thus present a barrier to the 
movement of B. bombina into the Crna Miaka region, acting against its potential 
function as a migratory corridor for B. bombina. 
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Figure 616. Mean spot score of populations in the Kupa river valley plotted 
against their distance from an arbitrarily chosen eastern point on the river 
[coordinates (780, 370) on figure 6.15]. Note that the left hand side of the graph 
is the east, and the right hand side is the west. 
The 'saddle' is a region of the surrounding hills in the north east, where the 
maximum altitude is somewhat lower than elsewhere and the topography less 
undulating (see figure 6.1). Before sampling took place, it was hypothesised that this 
area could be a potential point of access for migrating B. bombina (Arntzen, pers. 
commun.). However, samples collected there showed that populations were 
composed of hybrids, which does little to support the hypothesis. The distribution of 
spot scores of individuals found across the saddle suggest two further points; first, 
that the hybrid-like population mean scores are not the result of a bimodal 
distribution, and second, that there is a distinct lack of B. bombina-like individuals 
across the region (figure 6.17). 
No evidence was obtained in support of the final hypothesis, that Bombina 
movement took place along the habitat corridors formed by the two main roads and 
the railway. Unfortunately, this route formed the north western limit of sampling 
during the current study and as such, few sites were located sufficiently close to it to 
provide an adequate test (see figure 6.1). To address the question of how the roads 
and railway affect the movement of Bombina it would be necessary to collect 
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samples from both sides: the hypothesis is that B. bombina-like populations are more 
likely to be found near to the course of the roads and railway, with B. variegata-like 
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Figure 6.17. The distribution of individual spot scores across the 'saddle', the 
region of low hills to the north east of the Cma Miaka region. Note the 
predominance of hybrids and distinct lack of Bombina bombina-like toads. A 
total of 115 individuals from 15 sites are represented. 
These findings do not exclude the possibility that B. bombina individuals migrate 
along the routes described. However, if these movements occur they seem more 
likely as occasional long distance migration events, rather than as a result of the 
establishment of breeding populations along a migratory route. It would be possible 
to test for such long distance migrations by comparing DNA microsatellite loci from 
populations found in the centre of the Cma Mlaka region with those of B. bombina 
populations outside the area studied here. The hypothesis would be that populations 
nearer to the access points (i.e. the 'saddle' and the river Kupa valley), but outside 
the central plain, would bear a closer resemblance to populations in the centre than 
populations from further afield. It would then be necessary to demonstrate that the 
direction of B. bombina movement was into the centre, rather than dispersal away 
from it. 
6;7 DISCUSSION 
The analysis reported here has demonstrated that a dine exists within the Crna Mlaka 
region. Although the shape of the dine for the whole region might be complex, it 
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was possible to treat most of the area sampled as a simple linear transect. This was 
fortunate, as it allowed models of the dine to be fitted in spite of the size of the data 
set, which was small by comparison to the Peóenica sample. Of the parameters 
tested, the finding that contour density significantly improved the model supports the 
hypothesis that the distribution of Bombina is in some way limited by the topography 
of the landscape. The measure of breeding site altitude offers no improvement, and 
strengthens the hypothesis that Bombina are not confined by the absolute height 
above sea level of the habitat, but rather by its topographic relief. Given that the 
altitudes recorded at Crna Mlaka were in no way extreme (such that individual toads 
would face limiting climatic conditions), this finding is in accordance with the idea 
that it is the ability of Bombina to disperse through more challenging landscapes 
which limit the range of the two taxa. 
6.7.1 The Bombina bombina population at Crna Miaka 
The pond/puddle parameter used in the analysis of the Peéenica data was not felt to 
be appropriate to the analysis reported here. Almost all sites at Crna Miaka were 
puddles and during the fieldwork stage of the project it was decided that very little, if 
any, information would be gained by recording this variable. The only exception to 
this is in the case of the B. bombina-like population found in the very centre of the 
region, next to Ribnjak Crna Mlaka itself. Whilst the habitat should technically be 
classified as a puddle, the site is so extensive and comprises such deep wheel ruts 
that it is difficult to accept that it is not effectively a permanent site. Established 
aquatic vegetation was recorded, although many B. bombina-like individuals were 
caught in the non-vegetated regions of the puddle system, which extended for several 
hundred metres into the forest. This site clearly differed from all others visited, both 
in terms of the numbers and types of toad collected there, as well as the size and 
apparent permanence of it. However, as it was the only site of its kind located during 
the study, it was deemed inappropriate to accord to it a special classification. Its 
status as a potential refuge for a large population of B. bombina should not, however, 
be underestimated. 
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Analysis of the Crna Miaka dine has revealed several differences from the transect at 
Peéenica, some of which are obvious, others more subtle. In the final chapter, I 
discuss these differences and similarities with respect to study of the Bombina hybrid 
zone both in Croatia and in the wider sense. 
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7. CONCLUDING REMARKS 
THE RESULTS of the work reported here have cast some light on the possible 
interaction between the Bombina hybrid zone and the environment through which it 
passes. There are many questions that arise as a consequence, and we are perhaps 
some way towards understanding how to answer them. Below, I have outlined some 
of the major findings, and make suggestions for the direction of future work. 
7.1 THE CRNA MLAKA TRANSECT 
There had been a marked fall off in the number of toads being caught in the 
Peóenica region in recent years (L. Kruuk, pers. commun.). This might have been 
connected with the falling water table in the area, as shown by records maintained 
over the last three decades (E. Kletecki, pers. commun.), although there are other 
possible reasons, including the global amphibian decline (S. Kuzmin, pers. 
commun.). By contrast, populations in the Crna Mlaka region were numerous: the 
land there was not as intensively cultivated as at Peéenica, and toad populations 
were presumably less frequently disturbed as a consequence. The relatively varied 
geography of the Crna Miaka region makes it a good candidate for further studies, 
but additional sampling will need to be carried out. 
7.1.1 Where should sampling effort be directed? 
Perhaps the most general requirement is for additional samples to be obtained from 
the whole region, as the data obtained thus far can only provide an outline of what is 
clearly a complex system. However, there are also several specific areas (outlined 
below) that could be addressed, which relate to particular questions about the hybrid 
zone at Crna Mlaka. It would also be useful to have details about populations in the 
north western part of the region: this might allow inferences to be made about the 
dynamics of the whole area, which seems to be essentially an island of B. bombina in 
a sea of B. variegata. Until more is known about this aspect, it will be very difficult 
to make progress in determining the factors that enable the central B. bombina 
population to persist. 
7.1.2 Maintaining factors 
The two main questions arising from the pattern of distribution observed are how the 
B. bombina-like population gained access to the central region and how it is able to 
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persist. Habitat usually regarded as typical of B. bombina (i.e. permanent water 
bodies such as ponds) was seldom located anywhere in the region, and the vast 
majority of samples were obtained from small puddles, a few metres long at most. 
However, within the forest at Crna Mlaka itself, the deep wheel ruts made by forestry 
machinery often extended for hundreds of metres, and seemed to provide an 
effectively permanent breeding habitat. Bombina bombina tadpoles are known to 
have a slower maturation time than those of B. variegata, and presumably the rapid 
development of the latter is an adaptation to ephemeral breeding habitat (Rafinska, 
1991). Longer development necessitates the use of more permanent breeding habitat, 
which in turn is more likely to harbour a full complement of predators and parasites. 
Kruuk & Gilchrist (1997) demonstrated predator avoidance behaviour in tadpoles of 
B. bombina that was absent in tadpoles of B. variegata. It is therefore not 
unreasonable to suggest that the former suffer a higher rate of attrition from biotic 
factors, whereas the greatest risk to the latter is desiccation. It seems possible that the 
habitat in the forest at Crna Miaka provides B. bombina with the best of both worlds: 
relatively few sources of predation and little risk of desiccation. If this is the case, the 
productivity of these central populations might be abnormally high; sufficiently so to 
offset the effects of being surrounded by populations of a more B. variegata-like 
nature. 
Other possible means of maintaining the central population exist. As discussed 
previously, there are several potential routes of access into the region, including 
along the Kupa river or across the 'saddle' to the north. Evidence for both as a 
continual source of B. bombina-like individuals seems to be lacking: only hybrids 
were found at the saddle, and the sharp transition from B. bombina to B. variegata 
along the south eastern stretch of the Kupa river implies an effective barrier to 
movements by the former into the central plain. Movement of toads along the 
western stretch of the Kupa valley is currently unverified, and might provide impetus 
for future work. 
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7.1.3 Enzyme and DNA microsatellite data 
If the central population is truly isolated, the question of how it is able to persist 
becomes relevant. There are three main possibilities: first, that the population is 
maintained through the influx of toads via an unidentified route. This could include 
the transportation, consciously or otherwise, of toads, larvae or eggs by artificial 
means, a suggestion that cannot be ruled out. Second, the population is large enough 
and fecund enough to resist introgression by B. variegata. As discussed above, there 
is anecdotal evidence to support this idea, as the populations there were by far the 
largest observed anywhere in the region. Finally, the B. bombina-like population 
might not be all that it seems. There is fairly wide variation in the form of the ventral 
colouration even in 'pure' populations (J. Szymura, pers. commun.), and it would 
perhaps be incorrect to conclude that the central population observed at Crna Mlaka 
is in fact one of B. bombina without first carrying out enzyme electrophoretic or 
DNA microsatellite studies. 
Tissue samples were collected from all toads captured in the region during the study, 
and one of the highest priorities for future work must be to corroborate the results 
found for the spot score quantitative trait in the same manner as has already been 
carried out for the Peéenica transect. There are several key questions that can 
arguably be addressed more easily by using such data. Studies of introgression 
should be simplified through the use of single locus data: this will make it possible to 
determine the nature of the central Bombina population, and to establish its 
relationship to B. bombina populations lying outside the Crna Mlaka region (i.e. 
those which presumably founded the central population). 
7.1.4 Effects of habitat parameters 
The results of the habitat fitting analysis show quite clearly that the contour density 
measure offers a much greater improvement to the model than either the altitude 
measure or the forest measure. This is puzzling in the light of the isoline plots 
generated for each of the variables (figures 6.12-6.13), which suggest that similar 
distributions for contour density and altitude. There are two main possible 
explanations: the first is that the contour density describes the Crna Mlaka region 
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more effectively, in that it is able to give some detail to the low-lying central plain 
that the altitude measure cannot resolve. Secondly, the contour measure describes not 
only the breeding site but the surrounding habitat as well. It is conceivable that the 
absolute height above sea level of a breeding site is relatively unimportant by 
comparison to the surface topography of the surrounding region, over which toads 
must travel to reach it. This could explain why the contour density variable improved 
the fit so much more than the altitude measure, even though there is little to choose 
between them from a visual inspection alone. 
7.2 SPATIAL SCALE AND THE BOMBINA HYBRID ZONE 
A question leading from the findings at Crna Miaka concerns the way in which the 
effects of spatial scale have been treated. To determine whether the suggestion above 
transpires to be correct requires that spatial scale effects be considered at Crna Miaka 
independently of the findings at Peéenica. The different habitat structure at the two 
transects could dictate that ecological processes proceed on different scales, and more 
detailed analysis of the variables at different spatial resolutions would perhaps throw 
additional light on the subject. Some of the main factors that might be of importance 
and are thus worthy of further study are outlined below. 
7.2.1 The effect of habitat choice on spatial scale analyses 
In this study, Bombina were sampled at breeding sites, where they congregate for at 
most a few months of the year. Little is known about the movement of individuals 
during the remainder of the year, and the best data on the subject are those of 
MacCallum (1994) and Kruuk (1997), who collected information about recaptured 
toads. This allowed an analysis on migration between breeding sites, but there are 
several important questions that remain unanswered. The problem lies in the fact that 
information about the number of available breeding sites is difficult to obtain: in the 
case of Bombina, which uses ephemeral breeding sites in addition to permanent ones, 
extensive survey work would have to be conducted to ensure that all sites in a given 
area had been found. Questions include: 
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• How many available sites were not used, and why? 
• How far would individuals have to travel to reach their nearest breeding site, 
compared to the distance they actually travelled? 
• How does the distance travelled to a breeding site compare to the usual home 
range of individual toads? 
• What effect does the natal site have on subsequent choice of breeding site? 
• What sort of habitat preference is being exerted? 
• How strong is habitat preference? For instance, is it strong enough to prevent 
breeding if a suitable site is not found, or is the search time limited? 
Figure 7.1. The interaction between environment, genotype and spatial scale is 
complicated when individuals are able to exert an active habitat choice. In the 
example shown, individuals (genotype denoted by pies) congregate at breeding 
sites but spend the remainder of the year scattered throughout the surrounding 
habitat. See main text for discussion. 
This study has made the implicit assumption that breeding sites tend to be centrally 
placed in relation to the usual home range of toads. This assumption could have 
important consequences for the selection of appropriate scales at which to test for 
habitat associations (figure 7.1). The availability of breeding sites is another 
potentially important factor: in particular, the strength of the choice exerted by 
individuals could lead to years when some animals do not breed (e.g. an usually dry 
year might prevent the formation of puddle sites favoured by B. variegata). This 
could provide another mechanism by which the central population of B. bornbina-like 
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toads is able to persist. MacCallum (1994) addressed this issue by demonstrating that 
individuals tended to converge on a breeding habitat which was best suited to their 
own genotype. This work could be extended by taking into account all available 
breeding sites in the study area to assess patterns of use by different genotypic 
classes. 
7.2.2 Further work at Crna Miaka 
The most obvious analysis to conduct for the Crna Miaka data set is a more searching 
investigation of the available habitat parameters. Tests at a range of scales, similar to 
those carried out for the Peéenica transect, are planned for the immediate future. 
This will hopefully resolve the issues arising from the findings reported in chapter 
six, and enable a more comprehensive comparison to be made between the two 
Croatian transects. At present, a SPOT satellite image of the Crna Mlaka region is 
not available. However, this should not limit progress towards a better understanding 
of the variables that can be measured from topographical maps. 
7.2.3 Complex models 
The analysis reported here concerned only simple habitat models, where one (two at 
Peáenica) parameter was fitted. However, it seems unlikely that the system can be 
understood in such terms, and future work will concentrate on the relationship 
between parameters, as well as their influence on toads when taken in isolation. The 
broad scale distributions of B. bombina and B. variegata in Europe are determined by 
a combination of elevation and hilliness, which tends also to coincide with changes 
in forest cover. However, on a local scale, these factors will influence individual 
toads by limiting habitat availability, and it is this which will determine the relative 
size of populations within regions of the hybrid zone. 
7.3 SEXUAL SELECTION 
A relatively untapped area of Bombina hybrid zone research is that of the role of 
sexual selection. There are distinct differences in the mating systems of the two taxa: 
B. bombina is a territorial, prolonged breeder, whereas B. variegata is a non-
territorial, explosive breeder (see ch. 2). Coupled with the differences in mating calls, 
it would not be at all surprising to find that female choice plays a role in determining 
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the genotypic distribution of populations. Reconciling these observations with the 
established view of the Bombina hybrid zone as a tension zone presents an intriguing 
challenge. 
A related question concerns potential differences between male and female dispersal 
patterns. Preliminary studies of the Kupa river populations in the south east region of 
Crna Mlaka have indicated that there are site-specific differences in the spot scores of 
males and females (Atkinson, unpub. data). This offers promise for future studies 
into sex-dependent dispersal patterns: the ability of males to colonise or penetrate 
new areas could be crucial to an understanding of how alleles become introgressed 
into new genetic backgrounds. Setting this work in the context of a hybrid zone is 
interesting because it allows comparisons to be made between taxa as well as 
between sexes. 
7.4 SPECIATION 
The results presented in this thesis suggest that ecological variation does play some 
role in determining the shape and position of the Bombina hybrid zone. At present, 
these effects appear to be relatively minor compared to the balance between dispersal 
and selection against hybrids. However, there are indications that differences in the 
degree of ecological influence exist at different locations in the hybrid zone, which in 
turn will have consequences for the maintenance of recently diverged taxa (though 
not necessarily for Bombina). Studying transects where the hybrid zone is a different 
width could provide insight into the mechanisms by which the process of speciation 
unfolds. The Bombina hybrid zone is valuable because it is so well studied, and the 
wealth of accumulating information should continue to lead to important advances 
into the central question of the process of speciation. 
The effect of environmental factors on speciation has recently gained increased 
interest. The concept of parapatric speciation, whereby taxa diverge even whilst there 
is gene flow between populations, has been re-examined in the light of a number of 
papers which compare the effects of physical separation and ecological separation 
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(Schilthuizen, 2000). Of these, perhaps the most striking results are reported by 
Schneider et al. (1999), in which the contrasting effects of physical and ecological 
barriers to gene flow were examined. Using the contact zone between populations of 
the leaf litter skink Carlia rubrigularis, they discovered that populations across the 
ecotone from rainforest to open eucalyptus forest showed morphological and 
developmental divergence in spite of strong gene flow between populations. In 
contrast, populations in similar habitats, but with gene flow prevented by a physical 
barrier (the 'Black Mountain Corridor', a well known pre-Pleistocene barrier) did not 
show significant morphological divergence following a period of several million 
years. 
7.5 COMPARISONS WITH OTHER TRANSECTS 
The work reported here has concentrated on the comparison of ecological variables in 
two transects of the hybrid zone in Croatia. Previous, and indeed current (B. 
Nurnburger, pers. coinmun.) studies in other regions have indicated that the nature of 
the Bombina hybrid zone is highly variable, suggesting that the effect of the 
parameters used here might also vary. This should be studied in further detail: the 
methods developed here would provide a good base from which to design such 
studies. Specific questions might include: 
• What are the major environmental parameters in other regions of the hybrid 
zone? 
• At what scale do these parameters exert their strongest influence? 
• How does the availability of suitable habitat affect the position and width of 
the hybrid zone? 
• What are the consequences of these effects on the flow of genetic 
information? 
7.5.1 Poland 
The ecological parameters used for the studies presented in this thesis are not 
currently available for the transects studied in Poland. The major obstacle, as with 
most of the countries through which the Bombina hybrid zone passes, is that the 
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political regimes of the recent past have restricted access to geographical 
information. Persistent attempts whilst in Cracow to obtain maps for the Polish dines 
were eventually rewarded: however, the data have not been extracted because their 
accuracy are somewhat debatable. Perhaps the best solution in the future will be to 
make use of satellite image data. Recent advances in GIS technology have made the 
software much more accessible than previously, although the caveats outlined in 
chapter 3 must still be heeded. The cost of obtaining images currently prohibits 
speculative research, although recent moves by organizations such as NASA to make 
high quality satellite imagery available within the public domain could eventually 
resolve this problem. 
Examination of the contour density parameter is theoretically possible using digital 
elevation models (DEMs), although the technical expertise required to generate them 
(essentially by superimposing a stereo pair of images) makes this a nontrivial task, as 
well as increasing the cost of any research. However, given sufficient resources, this 
is a potentially rich source of information. 
7.5.2 Geography and climate 
It would be useful to obtain transects for comparison on the basis of their climatic 
conditions. One appealing property of the Bonibina hybrid zone is that it extends 
throughout Europe in a roughly north-south direction, which means that conditions at 
the northern end can be very different to those in the south. In turn, this might be 
expected to affect the breeding season (in particular, the length of time during which 
suitable conditions exist), and the effects of local geography could therefore differ as 
a consequence. 
The degree of habitat fragmentation is another factor that could be taken into account 
in the design of future investigations. The impact of agricultural land use varies along 
the length of the hybrid zone, and the continuity of suitable habitat for Bombina is 
likely to be correlated to this in some way. Comparisons of transects with different 
levels of habitat fragmentation and underlying geography could thus be informative. 
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7.5.3 Enclaves 
The Crna Miaka transect was originally chosen as a possible example of an enclave 
population. Fortunately, such enclaves exist for isolated populations of both taxa, and 
comparative studies between these could yield insight into rates of introgression and 
the effects of competition between them. A suitable candidate enclave of 
B. variegata appears to exist in the Mecsek mountains in Hungary, near to the city of 
Pecs. This region is also reasonably close to Croatia, and it could form a useful 
comparison with the Crna Mlaka enclave, on the basis that they share similar climatic 
conditions. 
7.6 SUMMARY 
The work presented in this thesis provides an initial attempt to study the effects of 
ecological parameters on the Bombina hybrid zone. Several useful methods were 
developed to enable this, and the results suggest that this line is worth further study. 
More detailed investigations of the role of these parameters in relation to spatial scale 
is required for the Crna Miaka transect to enable a thorough comparison with the 
Peéenica transect. The collection of additional samples of toads from the Crna 
Mlaka region will allow questions about the persistence of the central, apparently 
isolated, population of B. bombina to be addressed. Enzyme electrophoresis or DNA 
microsatellite analysis of the samples already collected might reveal information 
concerning rates of introgression of alleles, both towards the centre of the region and 
in the opposite direction. Finally, the role of sex-related differences in dispersal 
and/or survival could provide insight into the observed distribution of toads. 
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APPENDIX 1. CRNA MLAKA DATA 
This appendix contains the data collected from toads at the Cma Miaka transect. A 
total of 108 sites were described, although eight of these were merely seen as 
potential sites, and no toads were actually trapped there. Of the remaining 100 sites, a 
total of 856 toads were caught in the period from April to July, 1996. 
The data are presented in a raw form: the column entitled "sex" scores a value of 1 
for males. 2 for females and 3 for juveniles. The column entitled "colour" contains a 
variable ranging between 1 and 4, representing four broad classes of ventral 
colouration. A value of 1 indicates that the toad had orange ventral spots, a feature 
usually associated with Bombina bombina and a score of 4 indicates a predominantly 
yellow colouration, more typical of Bombina variegata. The ten columns to the right 
give the scores for the ventral pattern at each point in the method, and the total is 
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